University of South Florida

Scholar Commons
Graduate Theses and Dissertations

Graduate School

4-4-2008

Rational Synthesis Toward the Design of
Functional Metal-Organic Materials
Jarrod F. Eubank
University of South Florida

Follow this and additional works at: https://scholarcommons.usf.edu/etd
Part of the American Studies Commons
Scholar Commons Citation
Eubank, Jarrod F., "Rational Synthesis Toward the Design of Functional Metal-Organic Materials" (2008). Graduate Theses and
Dissertations.
https://scholarcommons.usf.edu/etd/229

This Dissertation is brought to you for free and open access by the Graduate School at Scholar Commons. It has been accepted for inclusion in
Graduate Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please contact
scholarcommons@usf.edu.

Rational Synthesis Toward the Design of Functional Metal-Organic Materials

by

Jarrod F. Eubank

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Chemistry
College of Arts and Sciences
University of South Florida

Major Professor: Mohamed Eddaoudi, Ph.D.
Kirpal Bisht, Ph.D.
Brian Space, Ph.D.
Michael J. Zaworotko, Ph.D.
Abdessadek Lachgar, Ph.D.

Date of Approval:
April 4, 2008

Keywords: chiral, coordination polymer, metal-organic framework, mof, topology
© Copyright 2008, Jarrod F. Eubank

Note to Reader
The original of this document contains color that is necessary for
understanding the data. The original dissertation is on file with the USF library in
Tampa, Florida.

First and foremost, I would like to make it clear that a Doctorate in
Philosophy in any subject, not just Chemistry, is much more than “just a piece of
paper”, and it is definitely worth the time and commitment necessary to complete
it. Therefore, I would like to dedicate this dissertation to those who are willing to
see the broader picture, who understand that it is not about choosing a piece of
paper over people, and who have supported me and my efforts throughout all my
collegiate career, especially these last few doctorate years. I would particularly
like to dedicate this dissertation to my parents, Cliff and Debbie Eubank and
Penny and Glynn Morehead, for unwavering support, for instilling in me an
unquenchable thirst for knowledge, and for always encouraging me from a young
age to set high goals, to excel in my studies, and to be the best that I could be. I
also dedicate this dissertation to other members of family and friends whom I
have neglected over the past few years in order to achieve this goal, especially
my brother, Joel, and sister, Alli, Reneé Shellhammer, my best friend (Jacey
Jones), Dave Colgan, and the Fosters. Without their love, encouragement, and
listening ears, I would never have survived. Also, I would like to dedicate this
dissertation to my Mamaw (Moreland Denney) and Diana Colgan, who passed
away during my years at USF, and especially my Pa (Mack Denney), who taught
me that hard work builds a better man. For those who have been less than
supportive, I think Olympia Brown said it best, “He who never sacrificed a present
to a future good…can speak of happiness only as the blind do of colors.”

Acknowledgements
I would like to thank Prof. Mohamed Eddaoudi for challenging me to try a
new kind of chemistry, for allowing me to complete my doctorate studies in his
research lab, and for his wisdom and guidance through these past few years. I
would like to thank my committee, Prof. Kirpal Bisht, Prof. Brian Space, Prof.
Michael Zaworotko, and Prof. Abdessadek Lachgar (WFU), for their constructive
criticism and insight, and Prof. Rudy Schlaf for serving as chairperson. I would
like to acknowledge Prof. Lester Pesterfield (WKU) for first seeing something in
me and encouraging me to try chemistry research. Profs. Robert Holman, Bonnie
Furman, and Lawrence Alice (WKU) were major influences in my decision to
pursue science as a career. I would especially like to thank Prof. Ralph Salvatore
(WKU) for encouraging me to continue chemistry research and for introducing
me to USF. In addition, I would like to thank Dr. Juergen Eckert (UCSB) for his
help with INS experiments and theory, as well as Ray Zeigler, Dr. Nicolas De
Souza, and Maria Heinig at Argonne National Laboratory for their friendly
demeanors and constant willingness to help. This work would not have been
possible without the efforts of Dr. Lukasz Wojtas, Dr. Victor Kravtsov, Dr. Rosa
Walsh, and Mohamed Alkordi in crystallographic analyses. Likewise, I would not
have been able to survive these past years without the unwavering support and
friendship of my fellow labmates, especially Farid Nouar, Ina Sava, Jaci Brant,
Amy Cairns, Dr. Yunling Liu, Ryan Luebke, April Rydz, and many others.

Table of Contents
List of Tables

iii

List of Figures

iv

List of Abbreviations

xix

Abstract

xxii

Chapter 1. An Introduction to Functional Porous Materials
Introduction
Background
Zeolites
Metal-Organic Materials (MOMs)
Monodentate Nitrogen-Donor Ligands
Carboxylate-Based Oxygen Donor Ligands
Multidentate Nitrogen-Donor Ligands
Hetero-functional Ligands
Discoveries
Design Strategies
Supermolecular Building Blocks (SBBs)
Covalent Organic Frameworks (COFs)
Porosity
Applications
Conclusion
Experimental Section
Materials and Methods
Synthesis and Characterization
Synthesis of [Zn(PmDC)(DMF)(H2O)·(DMF)]n (1)
SCD Analysis of 1

1
1
2
2
3
5
14
18
20
21
24
34
38
39
42
49
50
50
51
52
52

Chapter 2. 3-Connected Frameworks from 3,5-PDC and Single-Metal
Ions
Introduction
Experimental Section
Materials and Methods
Synthesis and Characterization
Synthesis of [Cu(3,5-PDC)(DMF)(Py)]n (2)

53
53
54
54
54
54

i

SCD Analysis of 2
Synthesis of [Zn(3,5-PDC)(DMA)·(EtOH)]n (3)
SCD Analysis of 3
Synthesis of [Cu(3,5-PDC)(Py)(H2O)2]n (4)
SCD Analysis of 4
Synthesis of [Cu(3,5-PDC)(Py)2]n (5)
SCD Analysis of 5
Synthesis of [Zn(3,5-PDC)(DMF)(H2O)·(EtOH)]n (6)
SCD Analysis of 6
Synthesis of [Co(3,5-PDC)(Py)(H2O)]n (7)
SCD Analysis of 7
Synthesis of [Cu(3,5-PDC)(Isoq)2]n (8)
SCD Analysis of 8
Synthesis of [Co(3,5-PDC)(Isoq)(H2O)]n (9)
SCD Analysis of 9
Synthesis of [Zn2(3,5-PDC)2(4,4’-Bipy)(H2O)2·(DMF)2]n (10)
SCD Analysis of 10
Synthesis of [Co(4,4’-Bipy)(formate)2]n (11)
SCD Analysis of 11
Synthesis of [Ni(3,5-PDC)(Py)2(H2O)]n (12)
SCD Analysis of 12
Synthesis of [Cu(3,5-PDC)(Py)2·(EtOH)(H2O)]n (13)
SCD Analysis of 13
Synthesis of [Ni(3,5-PDC)(Pic)2(H2O)·(EtOH)]n (14)
SCD Analysis of 14
Synthesis of [Ni(3,5-PDC)(4,4’-Bipy)(H2O)]n (15)
SCD Analysis of 15
Results
Discussion
Conclusion

Chapter 3. MOF Diversity via Ligand Modification: Isomerism,
Expansion, and Functionalization
Introduction
Experimental Section
Materials and Methods
Synthesis and Characterization
Synthesis of [Zn2(3,4-PDC)2(DMF)2(Py)]n (16)
SCD Analysis of 16
Synthesis of [Cu(3,4-PDC)(DMF)]n (17)
SCD Analysis of 17
Synthesis of [Mn2(3,4-PDC)2(DMF)2]n (18)
SCD Analysis of 18
Synthesis of [Cu(PMOI)]n (19)
ii

55
56
56
56
57
57
57
58
58
58
58
59
59
59
60
60
60
60
61
61
61
61
62
62
62
62
62
63
82
112

114
114
114
114
115
115
115
116
116
116
117
117

SCD Analysis of 19
Synthesis of [Cu(PMOI)]n (20)
SCD Analysis of 20
Synthesis of [Cu(PMOI)(Py)2(H2O)·(H2O)]n (21)
SCD Analysis of 21
Synthesis of [Zn(PMOI)2(DMA)2·(DMA)(H2O)5]n (22)
SCD Analysis of 22
Synthesis of [Ni(PMOI)(Py)2(H2O)·(DMF)(EtOH)]n (23)
SCD Analysis of 23
Synthesis of [Zn(DMPDC)(DMA)·(DMA)]n (24)
SCD Analysis of 24
Synthesis of [Zn(DMPDC)(4,4’-Bipy)·(DMA)(H2O)]n (25)
SCD Analysis of 25
Synthesis of [Cu(3,5-PDCO)(DMF)(Py)·(DMF)(H2O)]n (26)
SCD Analysis of 26
Results
3,4-Pyridinedicarboxylate (3,4-PDC)
5-(4-Pyridinylmethoxy)-isophthalate (PMOI)
2,6-Dimethyl-3,5-Pyridinedicarboxylate (DMPDC)
3,5-Pyridinedicarboxylate N-oxide (3,5-PDCO)
Discussion
3,4-Pyridinedicarboxylate (3,4-PDC)
5-(4-Pyridinylmethoxy)-isophthalate (PMOI)
2,6-Dimethyl-3,5-Pyridinedicarboxylate (DMPDC)
3,5-Pyridinedicarboxylate N-oxide (3,5-PDCO)
Conclusion

Chapter 4. M(CO)x(CO2)y Coordination: Metal-Ligand Directed Organic
Synthesis, Isoreticulation, and Mixed Metal-Organic Frameworks
(M’MOFs)
Introduction
Experimental Section
Materials and Methods
Synthesis and Characterization
Synthesis of [Cu2(CDO)2(Py)5(DMF)]n (27)
SCD Analysis of 27
Synthesis of [Cu(CDO)(Py)2(H2O)]n (28)
SCD Analysis of 28
Synthesis of [Cu(EE1)(Py)2(H2O)]n (29)
SCD Analysis of 29
Synthesis of [Cu(EE2)(H2O)]n (30)
SCD Analysis of 30
Synthesis of [Na(EE2)(H2O)·(H2O)]n (31)
SCD Analysis of 31
iii

117
118
118
118
118
119
119
119
119
120
120
120
121
121
121
122
122
127
134
137
138
138
150
170
175
177

179
179
180
180
180
180
180
180
181
181
181
182
182
182
183

Synthesis of [Cu(CDO)(Pic)2(H2O)]n (32)
SCD Analysis of 32
Synthesis of [Ni(CDO)(Py)2(H2O)]n (33)
SCD Analysis of 33
Synthesis of [MeH2CDA]n (34)
SCD Analysis of 34
Synthesis of EtH2CDA (35)
Synthesis of HexH2CDA (36)
Synthesis of [Mn3(CDO)3·(EtOH)3]n (37)
SCD Analysis of 37
Synthesis of [Mn1.84Cd1.16(CDO)3·(H2O)3]n (38)
SCD Analysis of 38
Synthesis of [Cd3(CDO)3·(H2O)3]n (39)
SCD Analysis of 39
Synthesis of [MnCo2(CDO)3·(H2O)3]n (40)
SCD Analysis of 40
Synthesis of [Co(HCDO)(DEF)2(H2O)2]n (41)
SCD Analysis of 41
Synthesis of [MnxFe3-x(CDO)3·(H2O)3]n (42)
Synthesis of [Fe3(CDO)3·(H2O)3]n (43)
Synthesis of [CdxCo3-x(CDO)3·(H2O)3]n (44)
Synthesis of [MnxCdyCo3-(x+y)(CDO)3·(EtOH)3]n (45)
SCD Analysis of 45
Synthesis of [MnxMgyCd3-(x+y)(CDO)·(H2O)]n (46)
Results
Photodimerization
Isoreticulation
Mixed Metal-Organic Frameworks (M’MOFs)
Discussion
Photodimerization
Isoreticulation
Mixed Metal-Organic Frameworks (M’MOFs)
Conclusion
Chapter 5. Applications for MOMs: Hydrogen Storage and Inelastic
Neutron Scattering
Introduction
Background
Hydrogen Storage
Inelastic Neutron Scattering
Experimental Section
Materials and Methods
Inelastic Neutron Scattering (INS)
INS Model
Synthesis and Characterization
iv

183
183
184
184
184
184
184
185
185
185
186
186
186
187
187
187
187
188
188
188
189
189
189
190
190
190
196
200
207
207
224
231
241

243
243
244
244
245
248
248
248
249
250

Synthesis of [Cu(PTMOI)]n (47)
SCD Analysis of 47
Synthesis of [Zn(PTMOI)]n (48)
Results
Single-Metal-Ion-Based MOMs
rho-ZMOFs
MOC-2
Carboxylate-Cluster-Based MOFs
soc-MOF
rht-MOF
Discussion
Single-Metal-Ion-Based MOMs
rho-ZMOFs
MOC-2
Carboxylate-Cluster-Based MOFs
soc-MOF
rht-MOF
Conclusion

250
251
251
251
251
251
256
258
258
259
260
261
261
267
273
274
280
284

Chapter 6. Where Are MOMs Headed?
Introduction
Design Strategies
Novel Clusters
Metal-Carboxylates
Metal-Azolates
Supermolecular Building Blocks (SBBs)
Multi-Functional Ligands
Applications
Sorption and Controlled-Release of Pesticides
Encapsulation of Single-Molecule Magnets
Sorption and Encapsulation of Coordinating Agents for
Metal Ion Removal
Conclusion

286
286
286
286
287
288
289
291
292
293
295

References

302

Appendices
Appendix A. TGA Spectra
Appendix B. PXRD Spectra
Appendix C. SCD Structural Analysis and Refinement Data

318
319
328
342

About the Author

298
301

End Page

v

List of Tables
Table 1.1.

Porosity in select MOFs.

42

Table 1.2.

Hydrogen adsorption and storage in select MOFs.

44

Table 1.3.

Hydrogen adsorption and storage via spillover in select
MOFs.

45

Table 4.1.

Select crystallographic data for isostructures 37, 38, 40.

236

Table 5.1.

Rotational transitions (meV) for hydrogen adsorbed on
various sites in DMA-rho-ZMOF.

253

Rotational transitions (meV) for hydrogen adsorbed on
various sites in Li-rho-ZMOF.

255

Rotational transitions (meV) for hydrogen adsorbed on
various sites in Mg-rho-ZMOF.

256

Rotational transitions (meV) for hydrogen adsorbed on
various sites in MOC-2 (aco-ZMOF).

258

Rotational transitions (meV) for hydrogen adsorbed on
various sites in soc-MOF.

259

Table 5.2.

Table 5.3.

Table 5.4.

Table 5.5.

vi

List of Figures
Typical MX2A4 Werner complexes: a) X = NCS-, A = pyridine
(Py); b) X = NCS-, A = 4-picoline (Pic); c) X = NCS-, A = 3,5lutidine; and d) X = NCS-, A = 4-phenylpyridine.

6

Figure 1.2.

The structure of Prussian blue.

7

Figure 1.3.

The crystal structure of Hofmann’s clathrate.

8

Figure 1.4.

a) Hoskins’ and Robson’s Cu-tetracyanotetraphenylmethane
dia-MOF (hydrogen atoms have been omitted for clarity; Cu
= green, C= gray, N = blue) with b) cubic diamond topology.

10

Capping agents: a) ethylenediamine, b) 2,2’-Bipy, and c)
1,10-phenanthroline.

11

Angular nitrogen-donor organic ligands: a) imidazole; b)
pyrimidine, can give c) MN4 tetrahedral coordination.

13

Nitrogen-donor organic ligands: a) linear 4,4’-Bipy; b) 3connector 2,4,6-tris(4-pyridyl)-1,3,5-triazine; c) 4-connector
5,10,15,20-tetrakis(4-pyridyl)porphyrin; and d) 6-connector
1,2,3,4,5,6-hexakis(imidazol-1-ylmethyl)benzene.

14

Carboxylate-based organic ligands: a) linear 4,4’-biphenyldicarboxylic acid; b) 3-connector 2,4,6-tris(4carboxyphenyl)triazine; c) 4-connector 5,10,15,20-tetrakis(4carboxyphenyl)porphyrin; and d) 6-connector mellitic acid.

15

Common coordination modes in a) cyanide-like ligands
(monodentate), b) 4,4’-Bipy-like ligands (monodentate) and
c) carboxylate-based ligands (monodentate, bidentate or
chelate, and bis-monodentate, respectively).

16

Figure 1.1.

Figure 1.5.

Figure 1.6.

Figure 1.7.

Figure 1.8.

Figure 1.9.

Figure 1.10. Common metal-carboxylate clusters and the resulting
molecular building block(s): a) paddlewheel can act as a
linear (not shown), square, or octahedral building block; b)
basic chromium acetateforms a trigonal prism building block;
and c) basic zinc acetate serves an octahedral building block.
vii

16

Figure 1.11. Linear dicarboxylates can be combined with the basic zinc
acetate MBB in situ to give a series of isoreticular MOFs [a)
IRMOF-1, b) IRMOF-3, c) IRMOF-1631, and d) IRMOF-2098]
based upon linkedoctahedra.

17

Figure 1.12. N2-azoles: a) 1,2-pyrazol-4-yl, b) 1,2,4-triazol-4-yl, c)
tetrazol-4-yl.

19

Figure 1.13. a) A M2(N4CR)3L6 dinuclear paddlewheel-like cluster, b) a
M4Cl(N4CR)8L4 tetranuclear cube-like cluster, which forms
during the reaction between MnCl2 or CuCl2 and c) BTT to
give d) a novel 3D MOF.

20

Figure 1.14. a) Isonicotinic acid and b) one potential coordination mode of
isonicotinate.

21

Figure 1.15. a) The hetero-functional ligand pyridine-3,5-bis(phenyl-4carboxylate) coordinates to b) novel 9-connected metal(pyridine-carboxylate) clusters, generated in situ, that can be
viewed as triaugmented trigonal prismatic building blocks in
the formation of c)(3,9)-connected MOFs.

23

Figure 1.16. Examples of various hetero-functional organic molecules that
have been utilized as ligands in MOMs: a) 4-(4-tetrazolyl)
pyridine, b) 4-(4-tetrazolyl)benzoic acid, and c) 4,5-bis(4tetrazolyl)imidazole.

24

Figure 1.17. a) 2,3-pyrazinedicarboxylic acid and b) one potential
coordination mode of 2,3-pyrazinedicarboxylate.

24

Figure 1.18. Possible variations of the MNx+y(CO2)x+z coordination, where
M is any metal with coordination of 6-8, x = number of N-, Ohetero-chelating moieties, y = number of ancillary nitrogendonors, and z = number of ancillary carboxylic acids: a) x =
1, y = 1, z = 0; b) x = 1, y = 0,z = 1; c) x = 2, y = z = 0.

26

Figure 1.19. If the hetero-functional bridging ligand, in this case 4,6pyrimidine-dicarboxylate (4,6-PmDC), does not saturate the
coordination sphere of the single-metal ion (Zn2+),
undesirable structures may form.

27

Figure 1.20. The Ni8(HImDC)12 MOC is constructed from twelve HImDC
ligands and eight octahedral single-nickel ion MBBs.

28

viii

Figure 1.21. 2,5-H2PDC and In(NO3)3·2H2O were reacted in the presence
of different SDAs to give a kgm-MOF or oct-MOPs.

29

Figure 1.22. a) The angle in the ImDC ligand. b) In-ImDC sod-ZMOF is
composed of six-coordinate MBBs, which also can be viewed
as 4-connected TBUs.

31

Figure 1.23. a) In-ImDC rho-ZMOF is composed of eight-coordinate
MBBs, which can be viewed as 4-connected TBUs.

32

Figure 1.24. a) PmDC, b) In-PmDC sod-ZMOF is composed of eightcoordinate MBBs, which also can be viewed as 4-connected
TBUs, and c) a fragment of the sod-ZMOF single crystal
structure and the sod net.

34

Figure 1.25. a) 5-R-1,3-H2BDC, where the R group can be a variety of
functional groups, can form b) nanoballs from metal
paddlewheel clusters, which can be extended through the
exterior open metal sites (yellow) or ligand 5-position
functional groups (orange) to serve as c) small
rhombihexahedra SBBs.

36

Figure 1.26. a) H3TZI can form b) trigonal trinuclear copper MBBs at the
tetrazolate moieties and c) nanoballs at the carboxylate
Moieties (hydrogen atoms have been omitted for clarity;
M = green, C = gray, N = blue, O = red, extension point =
orange) to give d) a 24-connected SBB that connects 24
trigonal MBBs in a novel MOF based on e) the (3,24)connected rht net.

37

Figure 1.27. Tetracarboxylic acids: a) 1,3-bis(5-methoxy-1,3-benzene
dicarboxylic acid)benzene, b) 5,5’-azobis-1,3benzenedicarboxylic acid (H4ABBDC), and c) H4BIPA-TC.

38

Figure 1.28. The dehydration of BDBA results in the formation of a
boroxine rings that lead to the formation of a COF with a
hxl-like net based on trigonal nodes.

39

Figure 1.29. Open metal sites can be introduced into MOMs in a variety
of ways: a) removal of ancillary terminal ligands on metalcarboxylate cluster MBBs, or carboxylate-functionalized
metalloligands like b) salen-type complexes (R = C in an
alkyl group or aryl group) and c) metallated porphyrins.

47

ix

Figure 1.30. Relatively large molecules like AO can freely diffuse through
the D8R windows of In-ImDC rho-ZMOF, as supported by the
color change of the single-crystals from colorless to orange.
Figure 2.1.

49

Upon deprotonation in situ, 3,5-pyridinedicarboxylic acid
(3,5-H2PDC) can serve as a tritopic linker.

54

Figure 2.2.

a) The unit cell of 2, and b) the single-metal-ion-based MBB.

65

Figure 2.3.

a) The unit cell of 3, and b) the single-metal-ion-based MBB.

66

Figure 2.4.

a) The unit cell of 4, and b) the single-metal-ion-based MBB.

68

Figure 2.5.

a) The unit cell of 5, and b) the single-metal-ion-based MBB.

69

Figure 2.6.

a) The unit cell of 6, and b) the single-metal-ion-based MBB.

70

Figure 2.7.

a) The unit cell of 7, and b) the single-metal-ion-based MBB.

71

Figure 2.8.

a) The unit cell of 8, and b) the single-metal-ion-based MBB.

73

Figure 2.9.

a) The unit cell of 9, and b) the single-metal-ion-based MBB.

74

Figure 2.10. a) The unit cell of 10, and b) the single-metal-ion-based MBB.

76

Figure 2.11. a) The unit cell of 12, and b) the single-metal-ion-based MBB.

78

Figure 2.12. a) The unit cell of 13, and b) the single-metal-ion-based MBB.

79

Figure 2.13. a) The unit cell of 14, and b) the single-metal-ion-based MBB.

80

Figure 2.14. a) The unit cell of 15, and b) the single-metal-ion-based MBB.

81

Figure 2.15. Cartoon depicting the potential of H3BTC to act as a tritopic
linker (inset), and a graph indicating the topologies of 3D
MOFs based on 3-connected nodes as of October 2003.

83

Figure 2.16. Cartoon depicting two approaches toward targeting 3connected networks: a) linear bridging (blue) of 3-connected
nodes (red), and b) direct bridging of two types of 3connected nodes (red and blue).

84

Figure 2.17. Derivation of the MNO2 3-connected BUs from a singlemetal ion with a coordination geometry of: a) trigonal
bipyramidal – trigonal, T-shaped (mer-like), and fac-like
x

isomers, respectively; b) square pyramidal – fac-like and
T-shaped isomers, respectively; c) octahedral – fac and mer
isomers, respectively; d) tetrahedral – fac-like isomer; and e)
square planar – T-shaped isomers.

87

Figure 2.18. a) The single-metal-ion-based MBB, and b) the 3-connected
BU of c) 2, which can be simplified as having d) srs topology
based on 3-connected nodes (green).

88

Figure 2.19. a) The single-metal-ion-based MBB, and b) the 3-connected
BU of c) 3, which can be simplified as having d) srs topology
based on 3-connected nodes.

90

Figure 2.20. a) The single-metal-ion-based MBB, and b) the 3-connected
BU of c) 4, which can be simplified as having d) eta topology
based on 3-connected nodes.

93

Figure 2.21. a) The coordinated water molecules bridge the copper ions,
which can be viewed as b) helical rods of vertex-shared
square pyramidal copper ions.

94

Figure 2.22. a) The srs net (green) is composed of uniform 10-member
rings (yellow), and b) the hcb net (green) is composed of
uniform 6-member rings (yellow).

95

Figure 2.23. a) The single-metal-ion-based MBB, and b) the 3-connected
BU of c) 5, which can be simplified as having d) hcb topology
based on 3-connected nodes.

96

Figure 2.24. a) The MOF sheets in 5 b) stack in a monolayer ABAB
fashion, where c) the hcb layers are staggered.

97

Figure 2.25. a) The single-metal-ion-based MBB, and b) the 3-connected
BU of c) 6, where d) the MOF sheets stack in a bilayer ABAB
fashion.

98

Figure 2.26. a) The single-metal-ion-based MBB, and b) the 3-connected
BU of c) 7, where d) the MOF sheets stack in a bilayer ABAB
fashion.

99

Figure 2.27. The MOF sheets in a) 5 and b) 8 both stack in a similar
monolayer ABAB fashion.
Figure 2.28. The MOF sheets in a) 7 and b) 9 both stack in a similar
ABAB fashion, where the bilayers are maintained likely
xi

101

through c) the two-fold RCOO…HOH hydrogen bonding
(light blue) of neighboring layers; one MOF layer is shown in
yellow for clarity.

103

Figure 2.29. The MOF sheets in a) 6 can be partially pillared by 4,4’-Bipy
to give b) 10.

105

Figure 2.30. a) The single-metal-ion-based MBB, and b) the 3-connected
BU of c) 12, which can be simplified as having d) fes
topology based on 3-connected nodes.

107

Figure 2.31. The 3-connected network (nodes in yellow and orange) of
13 is analogous to the fes topology, and resembles the net
of 12.

108

Figure 2.32. The MOF sheets in a) 12 and c) 14 both stack in a similar
monolayer ABAB fashion as shown in c) and d), respectively.

110

Figure 2.33. a) The MOF sheets in 12 can be completely pillared by
4,4’-Bipy to give 15.

111

Figure 2.34. The network of 15 can be simplified as 3- and 5-connected
nodes (red and green, respectively) to give a novel topology.

112

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

Figure 3.5.

Figure 3.6.

Figure 3.7.

a) The unit cell of 16, and b) the single-metal-ion-based
MBBs.

123

a) The unit cell of 17, and b) the single-metal-ion-based
MBB.

125

a) The unit cell of 18, and b) the single-metal-ion-based
MBB.

126

a) The unit cell of 19, and b) the PMOI ligand MBB is
surrounded by three Cu2(O2CR)4N2 MBBs.

128

a) The unit cell of 20, which is composed of b) the same
MBBs as in 19.

129

a) The unit cell of 21, and b) the single-metal-ion-based
MBBs.

131

a) The unit cell of 22, and b) the single-metal-ion-based
MBB.

132

xii

Figure 3.8.

Figure 3.9.

a) The unit cell of 23, and b) the single-metal-ion-based
MBB.

134

a) The unit cell of 24, and b) b) the DMPDC ligand MBB is
connected to two Cu2(O2CR)4 MBBs.

135

Figure 3.10. a) The unit cell of 25, and b) the single-metal-ion-based
MBB.

136

Figure 3.11. a) The unit cell of 26, and b) the single-metal-ion-based
MBB.

138

Figure 3.12. a) The intramolecular proximity of the carboxylate functional
groups (red) in 3,4-PDC results in their rotation out of the
plane of the pyridine core (shown in black), and b) upon
deprotonation in situ, 3,4-H2PDC can serve as a tritopic
linker.

139

Figure 3.13. Noted coordination modes of 3,4-PDC shown in 2D.

140

Figure 3.14. Zn2(3,4-PDC)2(DMF)2(Py), 16, consists of two metal nodes,
as seen here: a) Zn1 coordinated by two 3,4-PDC ligands,
two terminal DMF molecules, and one terminal pyridine
molecule, and b) Zn2 is coordinated by only four 3,4-PDC
ligands (MN2O2 MBB), and together form c) the overall
extended framework of 16.

142

Figure 3.15. (Top-center) The topology in 16 can be interpreted in two
different ways depending on the ligand-based MBB(s).

143

Figure 3.16. The structure of 17 consists of a) Cu(II) nodes coordinated
By four 3,4-PDC ligands and a terminal DMF molecule
(MNO4) that can be viewed as b) 4-connected BUs (MNO3).

146

Figure 3.17. a) Structure of Cu(3,4-PDC)(DMF), 17; hydrogen atoms and
terminal ligands have been omitted for clarity.

147

Figure 3.18. M-H loops as a result of 1 at various temperatures.

148

Figure 3.19. The structure of 18 consists of a) Mn(II) nodes coordinated
By four 3,4-PDC ligands and a terminal DMF molecule
(MNO5) that can be viewed as b) 4-connected BUs.

149

xiii

Figure 3.20. a) Structure of Mn(3,4-PDC)(DMF), 18; hydrogen atoms and
terminal ligands have been omitted for clarity.

145

Figure 3.21. a) The 3,5-H2PDC can be extended b) along the carboxylate
axes, c) along the pyridyl axis, or d) both.

152

Figure 3.22. a) The H2PMOI molecule can be synthesized in one step,
and b) upon deprotonation in situ, PMOI can serve as a
tritopic linker.

153

Figure 3.23. The 1,3-BDC ligand is known to coordinate metals in
dinuclear paddlewheel clusters and form layered MOFs,
namely square and a) Kagomé lattices.

154

Figure 3.24. Analysis of a) the crystal structure of 19 reveals b) pillared
Kagomé layers (one layer in yellow), resulting in c)
hourglass-shaped channels with two primary types of cavities
(represented as yellow and orange spheres).

156

Figure 3.25. The structure of 19 can be simplified as a) an unprecedented
network composed of 3-connected nodes (yellow) based on
the tritopic ligand and 6-connected nodes (orange) based on
the saturated paddlewheel cluster, where one type of
channel becomes evident in b) the polyhedral representation
of 19 (red triangles and green octahedra, respectively).

158

Figure 3.26. a) Ball-and-stick representation of a sql-MOF layer based on
the assembly of 1,3-BDC and paddlewheel clusters.

159

Figure 3.27. Analysis of the crystal structure of 20 reveals a) pillared
Square grid layers, where b) the layers stack in a staggered
fashion.

161

Figure 3.28. The structure of 20 can be simplified as a (3,6)-connected
network with apo topology.

161

Figure 3.29. Compound 21, consists of two metal nodes, as seen here: a)
Cu1 coordinated by two PMOI ligands, two terminal Py
ligands, and one terminal MeOH ligand, and b) Cu2 is
coordinated by four PMOI ligands and one terminal MeOH
ligand (MN2O2 BU), and together form c) the overall layered
framework of 21, where d) the layers stack in ABAB fashion.

163

xiv

Figure 3.30. a) The 2D MOF layers of 21 can be simplified as b) an
unprecedented network based on 3-connected (yellow and
red) and 4- connected nodes.

164

Figure 3.31. As in the analysis of 16, a) pairs of 3-connected nodes can
be interpreted as one 4-connected node (orange), resulting
in b) a simple square lattice.

165

Figure 3.32. a) The single-metal-ion-based MBB, and b) the 3-connected
BU of c) 22 (space-filling view), which can be simplified as
having d) hcb topology based on 3-connected nodes.

166

Figure 3.33. a) The MOF sheets in 22, alternately separated by guest
solvent molecules and terminal ligands, b) stack in a bilayer
ABAB fashion (guest solvent molecules in are shown in
yellow for clarity), where c) the hcb layers are staggered.

167

Figure 3.34. a) The single-metal-ion-based MBB, and b) the 3-connected
BU of c) 23 (space-filling view), which can be simplified as
having d) fes topology based on 3-connected nodes.

169

Figure 3.35. Upon deprotonation in situ, H2DMPDC can serve
as a tritopic linker.

170

Figure 3.36. The steric hindrance of the nitrogen atom on the pyridine
core of the DMPDC limits coordination to the carboxylates,
resulting in a 1,3-BDC-like ligand, that yields an 2D layered
MOF, 24, where b) the sheets stack in ABAB fashion.

172

Figure 3.37. a) The single-metal-ion-based MBB of c) 23, where d) the
interpenetrating MOF sheets stack in AAAA fashion.

173

Figure 3.38. a) The interpenetrating MOF sheets can be simplified as b)
interpenetrating square grids.

174

Figure 3.39. a) The 3,5-H2PDCO molecule can be synthesized in one
step, and b) upon deprotonation in situ, 3,5-PDCO can
serve as a tritopic linker.

175

Figure 3.40. a) The single-metal-ion-based MBB, and b) the 3-connected
BU of c) 25, which can be simplified as having d) fes
topology based on 3-connected nodes.

176

Figure 4.1.

a) The unit cell of 27, and b) the single-metal-ion-based
MBBs.
xv

191

Figure 4.2.

a) The unit cell of 28, and b) the single-metal-ion-based
MBBs.

192

Figure 4.3.

The unit cell of 29.

193

Figure 4.4.

a) The unit cell of 30.

194

Figure 4.5.

The Na2(EE2)(H2O)6 cluster in 41.

195

Figure 4.6.

a) The unit cell of 32, and b) the single-metal-ion-based
MBBs.

197

a) The unit cell of 33, and b) the single-metal-ion-based
MBBs.

198

Figure 4.8.

The MeHPDC zwitterion in 41.

199

Figure 4.9.

a) The unit cell of 37, and b) the CDO ligand MBB is
surrounded by three M2(OCR)3(O2CR)3(O2CR’)3 MBBs.

202

Figure 4.7.

Figure 4.10. a) Mn1 and Mn3 octahedra (green and blue, respectively)
are edge-shared through carboxylate oxygen atoms to form
2D hcb layers.

204

Figure 4.11. The Co2(HCDO)2(DEF)4(H2O)4 cluster in 41.

206

Figure 4.12. Upon deprotonation in situ, H2CDO can serve as a
tritopic linker.

208

Figure 4.13. Analysis of the single-crystal structure of the Co-(3,5-PDC)
hcb-MOF, 7 (in Chapter 2), shows alternating 2D
honeycomb or (6,3) layers.

209

Figure 4.14. CDO molecules can align a) head-to-head (parallel) or b)
head-to-tail (antiparallel), which, depending on the proximity
of the alkenes, can lead to a variety of photodimerization
products: c) head-to-head anti, d) head-to-head syn, e)
head-to-head cage, f) head-to-tail anti, g) head-to-tail syn,
and h) head-to-tail cage photodimers.

211

Figure 4.15. a) Bpe molecules can align to allow the formation of b)
tpcb through [2+2] photodimerization of the alkene spacers.

212

Figure 4.16. Analysis of the single-crystal structure 27, shows stacked
chains, where sets of four CDO ligands are aligned
xvi

antiparallel (head-to-tail-to-head-to-tail) within the required
distance for photodimerization.

213

Figure 4.17. The CDO ligands in 27 align antiparallel in sets of four
(alternating head-to-tail-to-head-to-tail), which allows for
multiple photodimerization pathways: a) the cyclobutane
rings can form at alternating sides to give a ladderane-like
molecule of syn photodimers, or dual cycloadditions can take
place between b) the exterior or c) the interior CDO pairs to
give one or two isolated cage photodimers, respectively.

214

Figure 4.18. Single-crystal structure of 28: a) the metal-organic chains of
28 (hydrogen atoms omitted for clarity) b) hydrogen bond to
neighboring chains through the coordinated water molecules,
resulting in metal-organic ladders, and c) are separated by
axial terminal pyridine molecules and held in close proximity
by CDO…CDO interactions (centroid…centroid distance
represented in pink).

216

Figure 4.19. a) Neighboring chains of 28 allow b) antiparallel alignment of
CDO ligands with the required distance for photodimerization
(pink), and exposure of 28 to UV light results in the formation
of c) ladders in 29 containing d) the photoproduct, EE1.

217

Figure 4.20. Single-crystal structure of 29: a) [2+2] photodimerized CDO
ligands, EE1, in 29 result in metal-organic ladders that
hydrogen bond to neighboring ladders to form 2D layers,
and b) these layers are separated by the axial terminal
pyridine molecules.

218

Figure 4.21. Single-crystal structure of 30: a) the metal-organic ladders
of 30 (hydrogen atoms omitted for clarity) are b) hydrogen
bonded through coordinated water molecules to form 2D
layers, and c) these layers are hydrogen bonded to guest
water molecules to form a 3D structure.

220

Figure 4.22. Attempts to isolate a) the tetracarboxylic acid cage
photodimer (H4EE1), shown almost perpendicular to the
cyclobutane rings to show the out-of-plane distortion of the
CDO-like moieties (dark black = foreground), have led to the
formation of the gem diol EE2.

221

Figure 4.23. Single-crystal structure of 31, which is composed of a) the
disodium salt of b) EE2.

223

xvii

Figure 4.24. Single-crystal structure of 32, where the inter-CDO distance
(pink) is decreased when the axial positions of the singlecopper ions are occupied by terminal Pic molecules
compared to terminal Py molecules in 28.

224

Figure 4.25. Single-crystal structure of 33 reveals 2D MOF sheets
analogous to the fes-MOF sheets in 26, except that the
HOH…OCR hydrogen bonding (yellow) between
coordinated water and CDO ligands, respectively, links
neighboring metal-organic chains to give the 2D fes-MOF.

226

Figure 4.26. Structural analogues of H2CDO with additional pendant
functional groups: a) HO-H2CDO, b) Br-H2CDO, and c)
Br2-H2CDO.

226

Figure 4.27. H2CDO can react with ammonia to give a) chelidamic acid
(H2CDA) or primary amines to give b) N-alkyl H2CDA
derivatives that are analogous to H2CDO.

227

Figure 4.28. a) H2CDA can tautomerize to give b) 4-hydroxypyridine-2,6dicarboxylic acid (HO-2,6-H2PDC), which could exist in one
of two zwitterionic forms: c) 4-hydroxylatopyridinium-2,6dicarboxylic acid (O-2,6-H3PDC) or, most likely, d) 4hydroxypyridinium-2-carboxylato-6- carboxylic acid (HO-2,6H2PDC).

228

Figure 4.29. a) N-Ethyl chelidamic acid (Et-H2CDA), and b) N-hexyl
chelidamic acid (Hex-H2CDA).

230

Figure 4.30. Reaction between H2CDO and 5-aminoisophthalic acid will
produce a) a 4-pyridonyl-benzene-tetracarboxylic acid that
can form b) 5-(4-pyridonyl)-isopthalic acid upon
decarboxylation.

231

Figure 4.31. Single-crystal structure of 37: Chelidonic acid (H2CDO) can
be deprotonated in situ, resulting in a) the divalent anion
chelidonate (CDO), which can coordinate to metal ions in a
tritopic fashion (through each of the carboxylate groups and
the ketone functionality) to serve as b) a trigonal node that
can be represented as a triangle polygon.

234

Figure 4.32. There are Mn positions in the crystal structure of 37; two Mn
exist in the dinuclear cluster (purple) and contribute to the
framework, while the last Mn (green) is weakly bound in a
pseudo-cavity.

235

xviii

Figure 4.33. M-H loops at 5 K as a result of: 37 (black), showing
paramagnetic behavior; and 40 (red), 42 (green), and 43
(blue), indicating tunable variance in ferromagnetic
ordering based on metal content.
Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

Figure 5.9.

240

Neutron scattering (incoherent – red, coherent – blue) and
absorption (green) cross-sections for select elements and
the deuterium isotope.

246

Energy level diagram for rotation with two degrees of
Freedom of a dihydrogen molecule in a double minimum
potential.

247

Diagram of the Quasielastic Neutron Spectrometer (QENS)
At the Intense Pulsed Neutron Source (IPNS) of Argonne
National Lab (ANL).

249

Diagram of the neutron facilities at the Intense Pulsed
Neutron Source (IPNS) of Argonne National Lab (ANL).

249

a) The dimethylammonium cation found in the cavities of
DMA-rho-ZMOF.

253

a) Inelastic neutron scattering spectra of DMA-rho-ZMOF
obtained at 15 K for loadings of 0.5, 1, 1.5, and 3 H2/In.

253

a) Inelastic neutron scattering spectra of Li-rho-ZMOF
obtained at 15 K for loadings of 0.5, 1, 2, and 4 H2/In.

254

a) Inelastic neutron scattering spectra of Mg-rho-ZMOF
obtained at 15 K for loadings of 0.25, 0.5, and 1 H2/In.

256

a) Inelastic neutron scattering spectra of MOC-2 (aco-ZMOF)
obtained at 15 K for loadings of 1, 2, and 3 H2/In.

257

Figure 5.10. a) Inelastic neutron scattering spectra of soc-MOF obtained
at 15 K for loadings of 1, 3, and 5 H2/In, and b) difference
spectra.

259

Figure 5.11. a) Inelastic neutron scattering spectra of rht-ZMOF obtained
at 15 K for loadings of 0.33 and 0.5 H2/In.

260

Figure 5.12. a-b) Hydrogen sorption isotherms and c) isosteric heats of
adsorption on DMA-, Li-, and Mg-rho-ZMOFs; courtesy of
Farid Nouar of the Eddaoudi Group at USF.

263

xix

Figure 5.13. (a) The HImDC ligand in DMA-rho-ZMOF may offer a site
for (b) the interaction of metal cations (M) ion-exchanged
into the framework.

264

Figure 5.14. Depiction of the respective cations in the unit cell of (a) DMArho-ZMOF, (b) Li-rho-ZMOF, and (c) Mg-rho-ZMOF.

266

Figure 5.15. (a) FCC packing mode of cubes.

268

Figure 5.16. a) The crystal structure of MOC-2 (aco-ZMOF), where b)
the MOCs pack in BCC mode and hydrogen bonding
between adjacent cubes results in a 3D MOF having c)
network topology similar to zeolite ACO.

269

Figure 5.17. a) Hydrogen sorption isotherms and b) isosteric heat of
adsorption on MOC-2 (aco-ZMOF); courtesy of Dorina F.
Sava of the Eddaoudi Group at USF.

271

Figure 5.18. Depiction of the space-filled environment around the 6coordinate InN3O3 in aco-ZMOF, and (b) the 8-coordinate
InN4O4 in rho-ZMOF.

272

Figure 5.19. There are two types of accessible channels in MOC-2
(aco-ZMOF), as depicted in yellow and pink cylinders in a)
the crystal structure, and b) the aco net.

273

Figure 5.20. (Center-right) Optical image of a soc-MOF polyhedral
crystal.

274

Figure 5.21. (a) Nitrogen and (b) hydrogen sorption isotherms on
soc-MOF.

276

Figure 5.22. The ABBDC ligand is generated from the in situ
deprotonation of the tetracarboxylic acid shown here, which
contains multiple organic moieties (i.e. carboxylate, azo, and
phenyl groups).

277

Figure 5.23. (a) Ball-and-stick view of a segment of the x-ray crystal
structure of soc-MOF to indicate the periodic array of
connected cube-like cages and channels, and (b) the
polyhedral representation of the same segment.

278

Figure 5.24. Depiction of the two types of intersecting channels (pink
and yellow cylinders) in (a) the crystal structure of soc-MOF,
and (b) in the polyhedral representation.

279

xx

Figure 5.25. a) Nitrogen and argon sorption isotherms at 77K and 87K,
and b) hydrogen sorption isotherms at 77K and 87K,
respectively, for the original Cu-TZI-based rht-MOF.

281

Figure 5.26. The rht-MOF can be constructed from the formation of
Cu2(O2CR)4 paddlewheel MBBs, in situ, with the carboxylate
moieties of the hexacarboxylate ligands based on (a) Cuoxo-tetrazolate trimer cores (also generated in situ) or (b)
phenyltris(methoxy) organic cores (PTMOI ligand).

283

Figure 5.27. Hydrogen sorption isotherm at 77K for Cu-PTMOI rht-MOF
after evacuation at 85°C.

284

Figure 6.1.

Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure 6.6.

MIL-110 is composed of trimesate ligands, which can be
viewed as 3-connected trigonal building blocks, and
octanuclear aluminum-carboxylate MBBs, which can be
viewed as 9-connected dual trigonal prism building blocks to
give b) a (3,9)-connected net.

288

Observed multi-nuclear metal-azolate clusters that may
Serve as a) triangular, b) quadrangular, c) octahedral, d)
trigonal prismatic, and e) triaugmented trigonal prismatic
building blocks in the construction of MOMs.

289

MOCs can be synthesized from ImDC ligands (C = gray, H =
white, N = blue, O = red, and M = green), and these cubes
could serve as SBBs through extension (red) in a variety of
ways.

290

MOF-177 is constructed from a) the tri-carboxylate BTB
ligand, which could be substituted by b) a trigonal
metalloligand to construct an expanded isoreticular structure.

292

Examples of quaternary amine pesticides, cationic “quats”
(Mepiquat, Paraquat, and Diquat, respectively) that would
be suitable for encapsulation in an anionic framework (e.g.
In-ImDC rho-ZMOF).

294

Depiction of CR in an anionic MOF: a) cationic pesticides
(e.g. amine-based) are selected for diffusion through the
windows to displace the as-synthesized cations; b)
pesticides can be discharged via green release agents (e.g.
Na+).

295

xxi

Figure 6.7.

a) One single-molecule magnet from the crystal structure
of the prototypical SMM,
[Mn12O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O (~1.6 nm
In diameter).

296

Depiction of the inclusion of SMMs in an extra-large cavity
MOF: a) encapsulation, in situ, of soluble pre-synthesized
SMM, and b) synthesis of SMM in cavities.

297

a) Examples of metal ion removal or CA agents:
benzenediethanthiolates (BDETs).

298

Figure 6.10. Depiction of the inclusion of CAs: a) the selected CAs diffuse
through the windows; b) the supported CAs can bind
metals to remove them from solution.

300

Figure 6.8.

Figure 6.9.

xxii

List of Abbreviations
Acronym

Full Name

3,4-H2PDC

3,4-pyridinedicarboxylic acid

3,4-PDC

3,4-pyridinedicarboxylate

3,5-H2PDC

3,5-pyridinedicarboxylic acid

3,5-H2PDCO

3,5-pyridinedicarboxylic acid N-oxide

3,5-PDC

3,5-pyridinedicarboxylate

3,5-PDCO

3,5-pyridinedicarboxylate N-oxide

BDC

benzenedicarboxylate

CDO

chelidonate

DEF

N,N’-diethylformamide

DMA

N,N’-dimethylacetamide, dimethylammonium (Ch. 5 only)

DMF

N,N’-dimethylformamide

DMHI

dimethyl 5-hydroxyisophthalate

DMPDC
DMPMOI

2,6-dimethyl-3,5-pyridinedicarboxylate
dimethyl 5-(4-pyridinylmethoxy)-isophthalate

EtCDA

N-ethyl chelidamate

EtOH

ethanol

FT-IR

Fourier transform-infrared

H4ABBDC

5,5’-azobis-1,3-benzenedicarboxylic acid
xxiii

H2CDO
H2DMPDC

chelidonic acid
2,6-dimethyl-3,5-pyridinedicarboxylic acid

H2PmDC

4,6-pyrimidinedicarboxylic acid

H2PMOI

5-(4-pyridinylmethoxy)-isophthalic acid

H3ImDC

4,5-imidazoledicarboxylic acid

HexCDA

N-hexyl chelidamate

ImDC

4,5-imidazoledicarboxylate

Isoq

isoquinoline

M’MOF

mixed metal-organic framework

MeCDA

N-methyl chelidamate

MeCN

acetonitrile

MOC

metal-organic cube

MOF

metal-organic framework

MOM

metal-organic material

MOP

metal-organic polyhedron

NMR

nuclear magnetic resonance

OAc

acetate

Pic

4-picoline

PmDC

4,6-pyrimidinedicarboxylate

PMOI

5-(4-pyridinylmethoxy)-isophthalate

PXRD

powder X-ray diffraction

Py

pyridine

RBF

round bottom flask
xxiv

SCD

single-crystal X-ray diffraction

TGA

thermogravimetric analysis

ZMOF

zeolite-like metal-organic framework

xxv

Rational Synthesis Toward the Design of Functional Metal-Organic
Materials
Jarrod F. Eubank
ABSTRACT
Design of targeted functional solid-state materials for desired applications
remains a scientific challenge. To overcome this hurdle, numerous synthetic
strategies have been devised. It has been shown that molecules and/or clusters
with pre-selected shapes, molecular building blocks (MBBs), can be utilized as
units of chemical construction toward a final structure composed of those units.
Typically, in metal-organic structures metal-ligand directed assembly of
the MBBs, via coordination chemistry in situ, leads to the final structure. The
strength of the MBB formed and, consequently, the overall rigidity of the
framework are essential in their use as porous materials for applications. Lack of
rigidity, i.e. instability, will ultimately lead to the collapse of the open framework
upon evacuation, resulting in inaccessible pores. This phenomenon has been
demonstrated repeatedly in labile metal-organic materials (MOMs) constructed
via flaccid metal-nitrogen coordination (MNx) between nitrogen-based ligands
and metal ions. The structures of simple metal-carboxylate clusters are welldocumented, but only recently have they been targeted for the construction of
MOMs. They often possess multiple metal-oxygen coordination bonds (M(CO2)x)
that result in the generation of rigid nodes with fixed geometry. Our research
xxvi

group has utilized heterofunctional organic linkers, taking advantage of both
pyridine- and carboxylate-based functions (MNy(CO2)z), which has allowed the
construction of single-metal-ion-based MBBs resulting in stabile, rigid MOMs with
targeted topologies.
In this dissertation, I will discuss our single-metal-ion-based design
strategy and the utilization of heterofunctional ligands for MNy(CO2)z coordination
of single-metal ions. I have employed this strategy to specifically target threeconnected MOMs from 3,5-pyridinedicarboxylate and MNy(CO2)z coordination of
various single-metal ions, especially chiral framworks such as (10,3)-a. In
addition, I have explored the MOM diversity that can be obtained via various
ligand modifications, including isomerism, expansion, and functionalization. I also
will show that other heterofunctional ligands can be utilized to target novel
MOMs, specifically via M(CO)y(CO2)z coordination, and, resultantly, I have
achieved metal-ligand directed organic synthesis and mixed-metal MOMs with
magnetic tunability. I have also explored applications for MOMs, including H2
storage, and studied the barriers to rotation of the H2 molecules inside MOMs
using inelastic neutron scattering to better understand the MOM-H2 interactions.
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Chapter 1:
An Introduction to Functional Porous Materials

Introduction
The prevalence and significance of porous functional materials in our
world today are undeniable. They have become an integral part of our society,
and are as expansive as the people are diverse. Porous functional materials are
utilized not only to purify the water we drink and soften the water in which we
bathe1, but also to facilitate the petroleum refinement necessary to produce fuels
for our automobiles2. They can be used as molecular sieves3, catalysts4 to drive
numerous highly specific reactions, and aid in drug separation5.
Not only are porous functional materials currently used in chemical
reactions, but also in electronics, as thin layers, to produce novel electrical6
and/or magnetic properties7 and materials. Also, within the channels of some
porous functional materials, nanowires can be grown8 for use in nanochip
devices to produce more compact computers, cell phones or other electronic
devices. They have been shown to act as storage devices for hydrogen9 and
other gases10 or compounds11, or as membranes12 for fuel cells that can now
power automobiles. This chapter , by no means, is intended to be a complete
review, but serves merely as an overview of a particular subclass of porous
1

functional materials known as metal-organic materials (MOMs), highlighting
some perspectives on rational synthesis, porosity, and potential applications.

Background
Zeolites
Zeolites13 are probably the most prominent and widely-used group of
porous functional materials. The charged nature of zeolite frameworks leads to
their ability to perform catalysis, ion exchange1,3 (i.e. water softening and
purification1) and some types of molecular adsorption.3,9,10,11 Furthermore,
zeolites are known to lack interpenetration, allowing for more open frameworks.13
The unique conformations of zeolites prevent this undesirable crystal growth
phenomenon where frameworks interweave each other. The versatility, stability,
and success of these aluminosilicate structures have long influenced researchers
to pursue similar materials.14
However, their uses have generally been limited to smaller molecule
applications due to limited pore and cavity size.15 In addition, these materials,
although diverse in size and shape, have proven quite difficult to functionalize16
and, though the diversity is increasing, are relatively limited in atomic
composition.17 Several directions have been taken in the pursuit of functional
porous materials with larger openings and cavities in an effort to synthesize
materials for larger molecule applications.18
One avenue towards larger cavities has utilized surfactants as structure
directing agents.19 These latest extra-large pore18 molecular sieves are
2

interesting in that they have much larger openings than traditional zeolites, but
they too are limited in atomic composition. In addition, nearly every extra-large
pore zeolite, to date, has accessible pores in only one dimension,13 resulting in
limited accessibility for separations, catalysis, and other applications suitable to
zeolites.

Metal-Organic Materials (MOMs)
Much progress has been made in the development of organic-inorganic
hybrid materials, namely MOMs, e.g. metal-organic polyhedra (MOPs) and
metal-organic frameworks (MOFs) or coordination polymers, which exhibit true
porosity.20 These materials, with the ability to incorporate organic functional
groups directly into the framework, have introduced new possibilities in
applications that have traditionally utilized the aforementioned inorganic zeolites,
such as catalysis and separations21, size- and shape-selective uptake22, and gas
storage23, as well as novel applications24.
MOMs have drawn considerable awareness because of the potential of
exploiting properties of both organic and inorganic components within a single
material, in addition to their modular nature and mild synthesis conditions.25
Organic molecules offer tunable properties based on shape (i.e. potential ligand
coordination angles), size (i.e. expansion of a ligand), and functionality (i.e.
decoration of a ligand). Inorganic elements provide the potential for similar
properties to traditional zeolites, including thermal and mechanical stability,21 as
well as many more like optical26 or electronic properties.27-28
3

Another attractive feature of MOMs is the ability to target structures of
particular topologies that may be desirable for certain applications by using the
molecular building block (MBB) approach.29-32 This is a design strategy for the
construction of solid-state materials, where the metal ions, coordination clusters,
and organic ligands are pre-designed to have specific geometry and directionality
upon coordination in situ.33 These so-called MBBs then can be used as just that,
“building blocks”, to target structures.
Essentially, there exist previously enumerated nets34-38 (here the term
“net” is used loosely to refer to discrete polygons and polyhedra, or finite systems
of linked points, e.g. a square or a cube, and layers and networks or infinite
periodic systems of linked points, e.g. 2D square lattice or 3D cubic diamond
lattice) that can be dismantled into their specific primary vertices (nodes), e.g. a
point connected to three other points is a 3-connected or trigonal node, and
edges (the linear connection between each node). Each net is given a threeletter code by O’Keeffe as a means of simplification and identification;34 e.g. a
discrete cube = cub, 2D square lattice = sql, and 3D cubic diamond lattice = dia.
Based on its geometry, each MBB can serve as a node or spacer (though much
larger than the simple vertex or edge) in a given net so that the arrangement of
coordinated ligands and metals and/or clusters into a framework is analogous to
the net (i.e. they have the same topology); it should be noted that if the MBB is of
linear geometry, it may only serve as an extended connection (linker or spacer)
between two nodes.
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One problem with this method is that for any given simple node (e.g.
trigonal, tetrahedral), there exist numerous potential nets, making design in the
solid state seemingly unachievable. However, experimental progress in MOMs
over the years has revealed that there are networks that tend to predominate in
these crystalline solids,39-40 commonly classified as default structures, and thus
these prevalent nets are the most obvious as logical targets for the would-be
designer.
This method of targeting enumerated nets for construction from MBBs is
known as “top-down” design, “bottom-up” synthesis.40-42 The MBB approach has
proven quite successful, as evidenced by the explosion of literature and citations
related to MOMs due to burgeoning academic and industrial43 interest. There is
no doubt that this strategy to obtain solid-state materials is making a mark on the
scientific field, and that the eventual design of functional materials for targeted
applications is foreseeable.

Monodentate Nitrogen-Donor Ligands
MOMs have a rich history, and there have been numerous efforts to
design and synthesize functional porous structures. Simple metal-(nitrogen
donor) coordination chemistry has provided some insight into their construction.
There are examples of single-metal ion complexes (discrete due to monotopic or
terminal ligands) with N-donor ligands (i.e. amines, cyanides, pyridines, etc.),
specifically Werner complexes44 (Figure 1.1), having the ability to trap guest
molecules (inclusion) due to the inefficient packing of the complexes in the solid
5

state. The ability to substitute the terminal ligands, resulting in the general
formula MX2A4 (M = a divalent cation (Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Zn) with
octahedral coordination, X = an anionic ligand (Cl-, Br-, I-, CN-, NCO-, NCS-, NO2-,
NO3-), and A = neutral pyridine-based ligands or α-arylalkylamines), allows for
the inclusion of a variety of guest molecules, ranging from simple noble gases to
complex aromatic molecules, and porosity upon loss of guest molecules.44 These
properties are indicative of the versatility of coordination chemistry and the utility
of ligand substitution (essentially tunability) on the overall properties of MOMs.

a)

b)

c)

d)

Figure 1.1. Typical MX2A4 Werner complexes: a) X = NCS-, A = pyridine (Py); b)
X = NCS-, A = 4-picoline (Pic); c) X = NCS-, A = 3,5-lutidine; and d) X = NCS-, A
= 4-phenylpyridine. Hydrogen atoms have been omitted for clarity; M = green, C
= gray, S = yellow, and N = blue.

Some of the earliest developments in MOMs were based on some metalcyanide compounds, organic-inorganic hybrid materials based on the assembly
of single-metal ions and cyanide ligands (monodentate coordination of the single
nitrogen [and carbon] atom), with extended structures and inclusion properties
(i.e. capable of crystallizing around small organic molecules). The discovery of
Prussian Blue (PB), Fe4[Fe(CN)6]3·xH2O (x = 14-16), where defects in the
structure are occupied by water molecules resulting in FeIIC6 and FeIIIN4.5O1.5
coordination and cube-like cages (Figure 1.2), to dehydrate and reversibly sorb
6

small molecules led to the development of an entire series of analogous
(isostructural) compounds based on metal ion substitution.45 The general formula
assigned to this class of metal-cyanide compounds is Mx[M’(CN)6]y, which
encompasses numerous transition, mixed transition, and rare earth transition
metal analogues with a range of properties, especially related to magnetism.45

Figure 1.2. The structure of Prussian blue. Hydrogen atoms have been omitted
for clarity; Fe(III) = green, Fe(II) = yellow, C = gray, N = blue, and O = red.

The discovery of a nickel ammine cyanide compound,
Ni(NH3)2Ni(CN)4·2C6H6, to crystallize around benzene fueled the birth of another
family of analogous metal-cyanide inclusion compounds, termed Hofmann
clathrates (HCs) after their originator, of the general formula:
M(NH3)2M’(CN)4·2G, where M = Cd, Co, Cu, Fe, Mn, Ni, or Zn; M’ = Ni, Pd, Pt;
and G = C4H5N, C4H4S, C6H6, and C6H5NH2.46 The structure consists of
alternating square planar and octahedral single-metal cations bridged by cyanide
anions, M’C4 and MN6 (two axial ammonia molecules), resulting in 2D layers of
square lattice (sql) sheets separated by axial ammonia molecules, where the
7

guest molecules are trapped between the sheets (Figure 1.3). Additional
compounds have been synthesized by substituting the square planar M’ with a
tetrahedral metal ion, such as Cd or Hg,47 to give 3D metal-cyanide structures, or
pillared 2D frameworks48, where organic “pillars” link the 2D sheets into a 3D
structure by substituting pairs of terminal (monotopic) ligands (i.e. ammonia) on
neighboring sheets with bridging (ditopic) ligands (i.e. flexible diaminoalkanes,
like ethylenediamine or trimethylenediamine46, or, more recently, rigid pillars (e.g.
pyrazine).49-52 In addition, linear metal spacers,49-52 and angular ditopic53-54 or
polytopic55-56 amines have been utilized to synthesize similar, as well as
unique,57-61 architectures.

Figure 1.3. The crystal structure of Hofmann’s clathrate. Hydrogen atoms have
been omitted for clarity; octahedral Ni = green, square planar Ni = yellow, C =
gray, and N = blue.

Hoskins and Robson proposed the “design” of open framework MOMs
based on the node-and-spacer approach mentioned previously in this chapter,
i.e. tetrahedral nodes can be linked by linear molecular spacers to construct an
open structure based on the extension of cubic diamond (considered the default
structure for the assembly of simple tetrahedral building blocks).62 A concept
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supported by their synthesis of a MOF having a cationic skeleton that can be
simplified as a net analogous to an extended cubic diamond lattice (dia), where a
multi-dimensional organic molecule functionalized with monodentate N-donor
cyano groups in a tetrahedral orientation (4,4’,4’’,4’’’tetracyanotetraphenylmethane) coordinates to tetrahedral single-Cu(I) ions
(Figure 1.4). In effect, the single-metal ion and central carbon of the ligand serve
as the tetrahedral nodes or tetrahedral building units (TBUs), and the
cyanophenyl moieties serve as the spacers. In addition, they allude to the
tunability of MOMs, suggesting the ability to target functional open materials via
variations in (e.g. divergent atomic composition) and modifications to (e.g.
functionalization) the nodes and spacers required to construct structures based
on the same networks, as well as other networks.63

a)

b)

c)
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Figure 1.4. a) Hoskins’ and Robson’s Cu-tetracyanotetraphenylmethane diaMOF (hydrogen atoms have been omitted for clarity; Cu = green, C = gray, N =
blue) with b) cubic diamond topology.

Probably the most prominent class of MOMs based on monodentate Ndonor ligands encompasses those structures based on the assembly of polytopic
pyridine-based molecules with single-metal ions. 4,4’-Bipyridine (4,4’-Bipy) [and
its derivatives], for example, possesses monodentate donor nitrogen atoms at
opposite ends of the molecule, which coordinate in a similar linear ditopic manner
to the previously mentioned cyanide anion in PB and HCs.64-71 Essentially, 4,4’Bipy acts as a longer linear spacer, and therefore extends the length of
connections between nodes, ideally resulting in enlarged cavities and more open
structures compared to analogous metal-cyanides.
MOMs based on a variety of nets [of various dimensions] can be
synthesized from 4,4’-Bipy and single-metal ions depending on several factors,
including the metal:ligand ratio, counter ions, guests, and the coordination
environment and geometry of the metal.72-81 Since 4,4’-Bipy is a simple linear
linker, the determination of each structure’s network topology is directly governed
by the coordination environment and geometry of the metal ion. One method that
has proven successful at controlling the metal coordination environment is the
use of a terminal chelating ligand (ethylenediamine, 2,2’-Bipy, 1,10phenanthroline, etc., as shown in Figure 1.5a-c) to cap or terminate sites on the
metal to give a specific geometry. A classic example of this level of directed
assembly is the molecular square synthesized by Fujita and co-workers,79 where
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square planar Pd(II) ions are cis-capped by ethylenediamine (en), [enPd(II)]2+, to
provide the 90° angle necessary when coordinating two 4,4’-Bipy molecules in
the remaining cis positions (Figure 1.5d).

a)

b)

c)

d)
Figure 1.5. Capping agents: a) ethylenediamine, b) 2,2’-Bipy, and c) 1,10phenanthroline. d) The construction of molecular squares can be achieved by
using capping agents. Adapted from Fujita, M.; Tominaga, M.; Hori, A.; Therrien,
B. Acc. Chem. Res. 2005, 38, 371-380

Nonlinear ditopic nitrogen donor ligands have been targeted with specific
built-in angular nature (e.g. pyrimidine or imidazole, Figure 1.6) to orient the
metal ions at specific angles and target novel structures82-85, including MOMs
with zeolite-like topologies85-87. Essentially, the tetrahedral-based zeolite-like
nets13 are expanded by lengthening the edges of the net with the angular organic
11

linker,86-87 similar to the previously mentioned enlargement of metal-cyanide
compounds by using an extended organic linker like 4,4’-Bipy. In effect, the
organic ligand serves as a functionalized multi-atom anionic substitute for the
oxide ions (O2-) that bridge the tetrahedral (T) silicon and/or aluminum cations in
inorganic zeolites.13 However, the organic ligand (L) also must provide an M-L-M
angle comparable to the average T-O-T angle (~145°) found in typical zeolites.13
Nevertheless, the ligand-induced angularity can still permit the formation of the
cubic diamond topology, likely due to the lability of the M-N coordination bond88,
and most attempts to construct MOMs with zeolite-like topologies based on the
assembly of simple tetrahedral building blocks or units (TBUs) have dominantly
led to the formation of structures with the default topology25,89. Only recently have
MOMs based on edge expansion of zeolite-like topologies been obtained, though
possessing neutral frameworks that negate zeolite-like (anionic) applications and
the use of cationic structure-directing agents (SDAs, potentially key to accessing
structures with close energetic stability), and thus require the aid of trial and error
for synthesis.86-87

a)

b)

c)
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d)

e)

Figure 1.6. Angular nitrogen-donor organic ligands: a) imidazole; b) pyrimidine,
can give c) MN4 tetrahedral coordination. This coordination can result in MOFs
with zeolite-like topologies: d) RHO and e) SOD, respectively. Hydrogen atoms
and solvent molecules have been omitted for clarity; M = green, C = gray, N =
blue, and O = red. The gold spheres represent the largest sphere that would fit in
the cavities without touching the van der Waals atoms of the framework.

The use of nonlinear polytopic pyridine-based molecules introduces ligand
geometry into the construction mix, where N-donor ligands have the potential to
act as 3-, 4-, or 6-connected linkers (Figure 1.7).90-92 These nonlinear ligands can
then serve as additional nodes when coordinated to the metal ions, allowing for
the synthesis of analogous and novel topologies when compared to 4,4’-Bipy,
depending on the size and shape of the ligand (limited only by the synthesis
capabilities of the organic chemist) and the coordination environment and
geometry of the metal ion.83 As with 4,4’-Bipy-based MOMs, the metal-ligand
assembly can be directed by numerous factors, resulting in myriad architectures,
as evidenced by the plethora of discrete MOMs (cages, bowls, boxes, tubes,
catenanes, and spheres) that can be targeted from the simple cis-capped square
planar [enPd(II)]2+ and a range of N-donor ligands.79
13
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Figure 1.7. Nitrogen-donor organic ligands: a) linear 4,4’-Bipy; b) 3-connector
2,4,6-tris(4-pyridyl)-1,3,5-triazine; c) 4-connector 5,10,15,20-tetrakis(4pyridyl)porphyrin; and d) 6-connector 1,2,3,4,5,6-hexakis(imidazol-1ylmethyl)benzene.

Carboxylate-Based Oxygen Donor Ligands
Carboxylic acids are another functional group that appear regularly in
coordination chemistry,93 where the acid is deprotonated to give a carboxylate
that can bind metals in a variety of ways, including monodentate fashion like the
N-donor ligands. As a result, similar architectures can be obtained from
carboxylate-based ligands analogous in size and shape to the previously utilized
N-donor ligands (Figure 1.8). Unlike the neutral 4,4’-Bipy-like ligands, the
deprotonation of the carboxylic acid results in anions that can counter the
cationic charge of the metal ions, precluding the need for extra-framework
counterions.88
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Figure 1.8. Carboxylate-based organic ligands: a) linear 4,4’biphenyldicarboxylic acid; b) 3-connector 2,4,6-tris(4-carboxyphenyl)triazine; c)
4-connector 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin; and d) 6-connector
mellitic acid.

Additionally, a review of carboxylate-based coordination complexes
reveals that the carboxylate moiety also can coordinate in multi-dentate
fashions.93 The ability of the carboxylate functionality to bind metal ions in a bismonodentate fashion (Figure 1.9) and form polynuclear metal-carboxylate
clusters has been known for years.94 Recently, such clusters have been targeted
for the construction of MOMs from polytopic carboxylate ligands, since the
clusters often possess multiple metal-oxygen coordination bonds that result in
the generation of rigid nodes with fixed geometry that are ideal as MBBs.88
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Figure 1.9. Common coordination modes in a) cyanide-like ligands
(monodentate), b) 4,4’-Bipy-like ligands (monodentate) and c) carboxylate-based
ligands (monodentate, bidentate or chelate, and bis-monodentate, respectively).

One limitation, however, is the ability to consistently maintain the cluster
via ligand exchange or generate it in situ, which is necessary for their utilization
as MBBs. Nevertheless, there are a variety of metal-carboxylate clusters that
have been targeted successfully in MOMs, including dinuclear (e.g. the so-called
paddlewheel cluster, M2(RCO2)4L2, where L = ancillary terminal ligands)95,
trinuclear (M3O(RCO2)6L3, basic chromium acetate)96, and tetranuclear
(M4O(RCO2)6, basic zinc acetate) clusters.97 These MBBs offer building blocks of
various geometries (shapes) for the would-be designer to utilize in the
construction of MOMs based on nets comprised of such building blocks (Figure
1.10).

≡

or

≡

a)

b)

≡
c)
Figure 1.10. Common metal-carboxylate clusters and the resulting molecular
building block(s): a) paddlewheel can act as a linear (not shown), square, or
octahedral building block; b) basic chromium acetate forms a trigonal prism
building block; and c) basic zinc acetate serves an octahedral building block.
Hydrogen atoms have been omitted for clarity; M = green, C = gray, and O = red.
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As in the 4,4’-Bipy-based MOMs, expanded or functionalized ligands can
be used in conjunction with the inorganic moiety (in this case, metal-carboxylate
cluster) to construct analogous frameworks with varied pore size, shape, and
functionality.31,40 This tunability is exemplified through the construction of, what
has now become the prototypical MOF, MOF-5, and numerous other
extended/functionalized analogues based on the primitive cubic (pcu) net
resembling the structure of CaB6 (isoreticular MOFs or IRMOFs)31 from the 6connected octahedral basic zinc acetate MBB, generated in situ (Figure 1.11).
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Figure 1.11. Linear dicarboxylates can be combined with the basic zinc acetate
MBB in situ to give a series of isoreticular MOFs [a) IRMOF-1, b) IRMOF-3, c)
IRMOF-1631, and d) IRMOF-2098] based upon linked octahedra. Hydrogen atoms
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and solvent molecules have been omitted for clarity; M = green, C = gray, N =
blue, S = yellow, and O = red. The gold spheres represent the largest sphere that
would fit in the cavities without touching the van der Waals atoms of the
framework.

Multidentate Nitrogen-Donor Ligands
Another class of ligands that only recently has been utilized in MOMs is
based on a particular subset of azole functional groups.93 The azoles consist of a
five-membered heterocyclic ring of mixed carbon (1-3) and nitrogen composition
(2-4) with at least one nitrogen protonated, and can be extended at any position.
Of particular interest are the azoles that contains a dinitrogen moiety (i.e. directly
linked nitrogen atoms) available for coordination, the N2-azole group (N2-azR),
which contains pyrazoles (N2C3R), triazoles (N3C2R), and tetrazoles (N4CR),
respectively (Figure 1.12a-c); imidazoles are another azole group, but the
nitrogen atoms are separate. The dinitrogen moiety is desirable, because it is
capable of bis-monodentate coordination to metal ions, M2(N2-azR), akin to
carboxylates (Figure 1.12d). As in the case of carboxylates, azolates can
coordinate multiple metals to form clusters,93 which, as discussed in the previous
section, are of great importance as potential geometric building blocks in the
construction of MOMs. MOMs assembled from polytopic azole ligands have thus
far been serendipitous, though several metal-azolate clusters of various
geometry have been observed, generated in situ.93

a)

b)

c)
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d)
Figure 1.12. N2-azoles: a) 1,2-pyrazol-4-yl, b) 1,2,4-triazol-4-yl, c) tetrazol-4-yl. d)
One potential coordination mode of N2-azolates; X and Y = N and/or C,
respectively.
There are several examples of MOMs containing trigonal building blocks.93
The use of pyrazoles typically has resulted in trinuclear clusters where three
pyrazolates coordinate three single-metal ions in a planar fashion (Figure 1.13a),
M3(N2C3R)3.99-100 Tetrazoles can also produce trigonal clusters, but the only
example in the literature consists of a dinuclear cluster where three tetrazolates
coordinate two single-metals in a paddlewheel-like fashion (Figure 1.13a),
M2(N4CR)3L6; the additional coordination sites on metals are occupied by
terminal ligands.101 Probably the most prominent examples of metal-azolate
MOMs are based on the discovery by J. R. Long and co-workers at the University
of California - Berkeley of a tritopic tetrazolate ligand, 1,3,5benzenetristetrazolate (BTT, Figure 1.13c), to form 8-connected tetranuclear
cube-like clusters, M4Cl(N4CR)8L4 (Figure 1.13b), at each tetrazolate moiety in
the presence of MnCl2 or CuCl2, resulting in a very open MOF, Mn- or Cu-BTT
(Figure 1.13d) with a (3,8)-connected net resembling the structure of sodalite.102103
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≡

or

a)

≡
b)

c)

d)

Figure 1.13. a) A M2(N4CR)3L6 dinuclear paddlewheel-like cluster, b) a
M4Cl(N4CR)8L4 tetranuclear cube-like cluster, which forms during the reaction
between MnCl2 or CuCl2 and c) BTT to give d) a novel 3D MOF. Hydrogen atoms
and solvent molecules have been omitted for clarity; M = green, C = gray, N =
blue, Cl = yellow, and O = red. The gold spheres represent the largest sphere
that would fit in the cavities without touching the van der Waals atoms of the
framework.

Hetero-functional Ligands
Hetero-functional ligands are organic molecules that include more than
one type of potential coordination functional group (e.g. O-donor and N-donor)
into their structure. This combination of donor types into a singular entity may
20

allow the formation of a greater diversity of MBBs, clusters, and structures. In
addition, it may permit the saturation of the metal ions with bridging ligands (i.e.
no terminal ligands), and possibly help limit interpenetration.104
Discoveries. Early on, W. Lin and co-workers at the University of North
Carolina realized the potential of hetero-functional ligands, especially pyridinecarboxylates, in the construction of MOMs.105 His group utilized nicotinic acid,
isonicotinic acid (Figure 1.14), and similar linear or bent ditopic derivatives to
synthesize a plethora of MOMs with a broad range of topologies based on the
assembly of these hetero-functional ligands with various single-metal ions or
multi-nuclear clusters.

a)

b)

a)

b)

Figure 1.14. a) Isonicotinic acid and b) one potential coordination mode of
isonicotinate. c) Nicotinic acid and d) one potential coordination mode of
nicotinate.
More recently, M. Schröder and co-workers at the University of
Nottingham used a tritopic hetero-functional ligand related to 3,5-PDC, pyridine3,5-bis(phenyl-4-carboxylic acid) (H2PBPC, Figure 1.15a), for similar reasons.106
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In this case, the carboxylate moieties of the ligand permit the generation of the
already-known basic chromium acetate cluster, an oxo-centered trinuclear metalcarboxylate cluster93,96, typically considered a 6-connected trigonal prismatic
building block. However, the pyridine moiety of the ligand serves to coordinate
the exterior axial position of the metal ions, typically occupied by a terminal
ligand like water, to give a novel 9-connected triaugmented trigonal prismatic
building block (Figure 1.15b). Thus, the tritopic ligand serves as a 3-connected
trigonal building block and combines with the metal-(pyridine-carboxylate) cluster
to give an MOFs (Figure 1.15c), [Ni3(OH)(PBPC)3]n·n(solvent) and
[Fe3(O)(PBPC)3]n·n(solvent), based on an unprecedented (3,9)-connected net.
The same MOF can be synthesized with two different metal ions, suggesting that
the novel 9-connected metal-(pyridine-carboxylate) cluster MBB could be
targeted as a building block in MOM chemistry.

a)
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≡
b)

c)

Figure 1.15. a) The hetero-functional ligand pyridine-3,5-bis(phenyl-4carboxylate) coordinates to b) novel 9-connected metal-(pyridine-carboxylate)
clusters, generated in situ, that can be viewed as triaugmented trigonal prismatic
building blocks in the formation of c) (3,9)-connected MOFs. Hydrogen atoms
and solvent molecules have been omitted for clarity; M = green, C = gray, N =
blue, and O = red. The gold spheres represent the largest sphere that would fit in
the cavities without touching the van der Waals atoms of the framework.

In addition to pyridine-carboxylates, organic chemistry can provide a range
of hetero-functional ligands, e.g. pyridine-tetrazolates107-110, carboxylatetetrazolates111-113, or imidazole-tetrazolates114 (Figure 1.16). Many of these
hetero-functional ligands have been utilized to construct MOMs107-114. However,
the majority of structures are still synthesized serendipitously (i.e. limited design
strategies).

a)

b)

c)
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Figure 1.16. Examples of various hetero-functional organic molecules that have
been utilized as ligands in MOMs: a) 4(4-tetrazolyl)pyridine, b) 4-(4tetrazolyl)benzoic acid, and c) 4,5-bis(4-tetrazolyl)imidazole.

Design Strategies. Another advantage of hetero-functional ligands is the
ability to readily target ligands with chelating moieties, where two functional
groups are within a proximal distance that allows the chelation of a metal ion.
This coordination mode is prevalent in (N-donor)-carboxylates where the
carboxylate is in an alpha position relative to the aromatic nitrogen, as seen by
the S. Kitagawa group at Kyoto University in the coordination of 2,3pyrazinedicarboxylate (Figure 1.17) with single-copper ions to generate1D and
2D MOMs.115-116

a)

b)

Figure 1.17. a) 2,3-pyrazinedicarboxylic acid and b) one potential coordination
mode of 2,3-pyrazinedicarboxylate.

This ability of multi-functional organic molecules that combine both
nitrogen-donors and carboxylate groups to chelate and hetero-coordinate singlemetal ions led our group to develop and establish a design strategy that involves
an unprecedented single-metal-ion-based MBB approach that promotes the
rational construction of MOMs by forcing rigidity and directionality through control
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of the metal coordination sphere and judicious selection of suitable organic
ligands.117-118 As mentioned earlier, the utilization of metal-carboxylate clusters is
one route to generate stability and target structures, but methods that generate
rigid MBBs from single-metal ions have not been realized. In addition, the
utilization of rigid single-metal-ion-based MBBs allows for the targeting of MOMs
based on non-default nets, whereas the use of single-metal ions and simple
organic linkers as building blocks has consistently led to the construction of
default structures, depending on the shape(s) of the building blocks,39 typically
due to the flexibility and lability of the (single-metal)-ligand coordination.88
This single-metal-ion-based MBB approach involves prior judicious
selection of these would-be ligands based on the quantity and relative position of
the functional groups on the molecule depending on the desired angle and target
structure. The single-metal ion geometry and coordination sphere are also key in
targeting structures, and there are two basic methods: saturation of the
coordination sphere with the bridging ligand, which prevents coordination of
solvent or template molecules, or the use of solvent or template molecules to
“cap” positions of the coordination sphere (as previously discussed and shown in
Figure 1.5). In either case, only the bridging ligand serves as a linker in the
formation of the net.117-118
In order for the hetero-functional organic ligand to saturate the
coordination sphere of the single-metal ion and generate a rigid and directional
MBB, certain characteristics are favored. First, the nitrogen atoms must be part
of an aromatic ring, and at least one nitrogen atom must have a carboxylic acid
25

located one carbon away. This α-position allows for N-, O- hetero-chelation to the
metal ion. As part of the aromatic ring, the nitrogen atoms direct the framework
topology, while the carboxylate groups secure the geometry of the metal by
locking it into its position through the formation of rigid five-membered rings.117-118
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Figure 1.18. Possible variations of the MNx+y(CO2)x+z coordination, where M is
any metal with coordination of 6-8, x = number of N-, O- hetero-chelating
moieties, y = number of ancillary nitrogen-donors, and z = number of ancillary
carboxylic acids: a) x = 1, y = 1, z = 0; b) x = 1, y = 0, z = 1; c) x = 2, y = z = 0.
The ancillary group position depends on the desired angle and target structure.

In addition to having one hetero-chelating moiety, the organic molecule
must also be polytopic, possessing at least one ancillary coordinating moiety, i.e.
an additional carboxylate, nitrogen atom, or hetero-chelate (Figure 1.18). The
ability of a ligand to saturate the coordination sphere of the selected metal ion is
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also ideal, as this precludes coordination of any solvent, template, or other guest
molecules,117-118 which could lead to undesirable architectures like the metalorganic chains of 1 (Figure 1.19), and allows directionality to be induced entirely
dependent on the organic linker.

Zn(NO3)2·6H2O
DMF, EtOH

Figure 1.19. If the hetero-functional bridging ligand, in this case 4,6-pyrimidinedicarboxylate (PmDC), does not saturate the coordination sphere of the singlemetal ion (Zn2+), undesirable structures may form. Here, terminal solvent
molecules coordinate two positions, resulting in 1D metal-organic zigzag chains.
Hydrogen atoms have been omitted for clarity; M = green, C = gray, N = blue,
and O = red.

The use of potentially 6-coordinate to 8-coordinate metal ions allows for
the targeting of numerous structures, depending on the ligand shape and
multiplicity of functionalities; this gives MNx+y(CO2)x+z, where M is any metal with
coordination of 6-8, x = number of N-, O- hetero-chelating moieties, y = number
of ancillary nitrogen-donors, and z = number of ancillary carboxylic acids. Each
hetero-coordinated single-metal ion can be rendered rigid and directional while
simultaneously its coordination sphere is saturated via the coordination of the
hetero-chelate and/or secondary functionalities of the ligands. The relative
position of the ancillary functional group on the organic molecule dictates the
directionality and plays a vital role in providing the angles necessary to target
particular structures.117-118
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This single-metal-ion-based MBB design strategy has proven effective in
synthesizing a variety of MOMs, including discrete MOPs. The first example was
an

M8L12

metal-organic

cube

(MOC

or

cub-MOP),

[Ni8(HImDC)12]8-

·[(H2TMDP)4]8+(DMF)4(EtOH)4(H2O)6, synthesized from the solvothermal reaction
of Ni2+ and 4,5-imidazoledicarboxylic acid (H3ImDC) in N,N’-dimethylformamide
(DMF)

and

ethanol

(EtOH).119

The

hetero-functional

ligand

possesses

concurrently the initial N-,O- hetero-chelating moiety and an additional N-,Ohetero-chelate. Three HImDC2- anions coordinate each Ni2+ cation in a facial
(fac) manner to saturate the Ni(II) octahedral coordination sphere (Figure 1.20).
Each ligand chelates two metal ions at a large angle, which allows the ligand to
function as the edges of the cube while the fac-NiN3(CO2)3 MBB occupies the
vertices (NiN3 vertex).

Ni(NO3)3·6H2O

≡

≡

Figure 1.20. The Ni8(HImDC)12 MOC is constructed from twelve HImDC ligands
and eight octahedral single-nickel ion MBBs. Hydrogen atoms and solvent
molecules have been omitted for clarity; M = green, C = gray, N = blue, and O =
red.

The validity and versatility of this approach was supported by the rational
synthesis of targeted MOMs using the angular hetero-functional ligand 2,5pyridinedicarboxylic acid (2,5-H2PDC),120 which possesses concurrently the initial
N-,O- hetero-chelating moiety and an additional carboxylic acid in the 5-position.
The angularity of this ligand can then be used to target two 4-connected
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supramolecular isomers, discrete M6L12 metal-organic octahedra (MOOs or octMOPs) or 2D MOFs with Kagomé lattice topology (kgm), depending on the
orientation of the ligands upon their coordination to the single-metal ion, in this
case In3+ (Figure 1.21). The saturation of the coordination sphere by four 2,5PDC anions generates the necessary 4-connected nodes (MN2(CO2)4 MBB,
MN2(CO2)2 vertex), and the overall anionic charge allows the use of cationic
SDAs to direct the formation of one supramolecular isomer over the other.
Reaction between In3+ and the hetero-functional ligand in the presence of 4,4’trimethylenedipiperidine (TMDP) results in the in situ formation of the [In(2,5PDC)2]n-·n[(HTMDP)+(EtOH)(H2O)] kgm-MOF, whereas the presence of 1,2diaminocyclohexane

(DACH)

produces

the

M6L12

[In6(2,5-

PDC)12]6+·[(H2DACH)2]4+[(H3O)2]2+(DMF)5(EtOH)5 oct-MOP.

≡

≡
+ In(NO3)3·2H2O

≡

≡

Figure 1.21. 2,5-H2PDC and In(NO3)3·2H2O were reacted in the presence of
different SDAs to give a kgm-MOF or oct-MOPs. Hydrogen atoms and solvent
molecules have been omitted for clarity; M = green, C = gray, N = blue, and O =
red.
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The single-metal-ion-based MBB approach can also be applied to the
expansion and/or decoration of tetrahedral-based zeolite-like nets,13,121-122 as
mentioned previously. In this case, however, the hetero-functional ligand must be
judiciously selected to contain two functionalities (at least one N-, O- heterochelate) that can provide the desired M-L-M angle, such as imidazole-121 or
pyrimidine-carboxylates123. In addition, higher coordination (6 to 8) metal ions are
utilized instead of tetrahedral ions, so the ligands must coordinate to the metal in
a manner that gives an MBB that can act as a TBU. Thus, for 6-coordinate
metals there must be an MN4(CO2)2 or MN2(CO2)4 coordination environment and
MN4(CO2)4 or MN2(CO2)6 MBBs for 8-coordinate metals that all result in MN4 or
MN2(CO2)2 TBUs, respectively.
According to these criteria, the aforementioned H3ImDC molecule was
well-suited to target MOMs with zeolite-like topologies, since it concurrently
possesses two N-,O- hetero-chelating moieties with a potential M-L-M angle of
145° (directed by the M-N coordination) (Figure 1.22a).121 In addition, if four
HImDC2- ligands saturate each single-metal ion coordination sphere (divalent or
trivalent), an anionic zeolite-like MOF (ZMOF) will be produced. As in the 2,5PDC-based supramolecular isomers mentioned previously, the anionic nature
allows for the utilization of cationic SDAs, as well as exploration of applications
akin to traditional zeolites.
Reaction between In3+ and H3ImDC in the presence of different SDAs
does, in fact, yield different ZMOFs.121 Specifically, imidazole (HIm) leads to a
sod-ZMOF, {[In(HImDC)2]1-}n·n{[(H’HIm)]1+(DMF)4(CH3CN)(H2O)4} (Figure 1.22c),
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and 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidine (HPP) yields a rhoZMOF, {[In48(HImDC)96]48-}n·n{[(H’2HPP)24]48+(DMF)36(H2O)192} (Figure 1.23b),
which are up to 8 times larger than their inorganic analogues, known as SOD
(sodalite) and RHO, respectively, in the Database of Zeolite Structures13 (sod
and rho by O’Keeffe34).

≡
a)

≡

b)

d)
Figure 1.22. a) The angle in the ImDC ligand. b) In-ImDC sod-ZMOF is
composed of six-coordinate MBBs, which also can be viewed as 4-connected
TBUs. d) A fragment of the sod-ZMOF single crystal structure, where the gold
spheres represent the largest sphere that would fit in the β-cavities without
touching the van der Waals atoms of the framework, and the β-cages of the
sodalite network connect through common 4- (shown) and 6-member rings.
Hydrogen atoms and solvent molecules have been omitted for clarity; In = green,
C = gray, O = red, N = blue.
In the In-ImDC sod-ZMOF, each In3+ ion is hetero-chelated by two
HImDC2- ligands and coordinated by the ancillary nitrogen-donor from two other
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HImDC2- ligands, resulting in 6-coordinate In(III) ions that form the desired
InN4(CO2)2 MBBs (InN4 TBUs) (Figure 1.22b). In the In-ImDC rho-ZMOF, each
single-indium ion is 8-coordinate, saturated by the hetero-chelation of four
HImDC2- ligands to give the desired InN4(CO2)4 MBBs (InN4 TBUs) (Figure
1.23a).121 This anionic rho-ZMOF was the first material ever to contain an organic
component and have a zeolite RHO-like topology,34

though a few neutral

examples have been synthesized since.86-87 In addition, the sod-ZMOF
represents the first example of a MOM with an anionic framework based on the
sod topology, although a few examples of neutral or cationic sodalite-like MOFs
have been synthesized previously.39

≡

≡
a)

b)
Figure 1.23. a) In-ImDC rho-ZMOF is composed of eight-coordinate MBBs,
which can be viewed as 4-connected TBUs. b) A fragment of the rho-ZMOF,
where the gold spheres represent the largest sphere that would fit in the αcavities without touching the van der Waals atoms of the framework and the α32

cages of the rho network connect through double 8-member (D8R) rings.
Hydrogen atoms and solvent molecules have been omitted for clarity; In = green,
C = gray, O = red, N = blue.

More recently, the single-metal-ion-based MBB approach to design and
synthesize ZMOFs has been supported by the success with hetero-functional
pyrimidine-carboxylate

ligands.123

pyrimidinedicarboxylate

(PmDC,

conditions

another

yields

Reaction
Figure

1.24a)

anionic

In3+

between
under

and

4,6-

hydro-solvothermal

sod-ZMOF,

{[In(PmDC)2]-

}n·n{(Na+)0.36(K+)1.28[(NO3)-]0.64(H2O)2.1} (Figure 1.24c), from InN4(CO2)4 MBBs
(InN4

TBUs)

(Figure

1.24b).

Reaction

between

2-cyanopyrimidine

[2-

pyrimidinecarboxylate (PmC, Figure 1.24d) generated in situ] and Cd2+ in the
presence of piperazine (Pip) under hydro-solvothermal conditions produces
another

rho-ZMOF,

[Cd(PmC)2]n·n[(Pip)0.35(H2O)5.36]

CdN4(CO2)4 MBBs (CdN4 TBUs) (Figure 1.24e).
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(Figure

1.24f),

from

d)
N

N

O

O

≡
e)

f)

Figure 1.24. a) PmDC, b) In-PmDC sod-ZMOF is composed of eight-coordinate
MBBs, which also can be viewed as 4-connected TBUs, and c) a fragment of the
sod-ZMOF single crystal structure and the sod net. d) 2-PmC, e) Cd-PmC rhoZMOF is composed of eight-coordinate MBBs, which can be viewed as 4connected TBUs, and f) a fragment of the rho-ZMOF and the rho net. The gold
spheres represent the van der Waals spheres; hydrogen atoms have been
omitted for clarity; M = green, C = gray, O = red, N = blue.

Supermolecular Building Blocks (SBBs)

The MBB approach, including both single-metal-ion-based and metalcarboxylate-cluster-based approaches, has proven to be a successful strategy in
the design and construction of solid-state materials. As explained previously,
building blocks of specific geometry (e.g. triangles or squares) can be used to
target default structures based on these individual shapes42 (e.g. unitary nets,
like SrSi2 or NbO) or combinations thereof (e.g. binary nets, like PtS based on
triangles and quadrangles; or ternary nets124, based on three types of building
blocks). However, it is still proving difficult to design MBBs with high
coordination.39,125 One route toward achieving this goal is the utilization of
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supermolecular building blocks (SBBs)126-127, a term given to describe discrete
MOPs based on Platonic, Archimedean,128 or related (e.g. Johnson129) solids that
can be extended into 3D.
Essentially, a broad range of discrete MOPs have been synthesized over
the years,119-120,130-132 and these MOPs can be targeted as SBBs through
functionalization of their exterior with potential bridging moieties,133-134 which also
has been achieved with some inorganic clusters.135 In other words, the MOP
must have peripheral coordination sites (e.g. unsaturated metals) and/or
peripheral organic functional groups that can either coordinate additional metals
not involved in the assembly of the MOP or serve as hydrogen bond donors or
acceptors. A prototypical MOP is the small rhombihexahedra (24 vertices) or
nanoball (Figure 1.25b) based on the assembly of square paddlewheel
[Cu2(O2CR)4] MBBs and the angular (120°) 1,3-BDC ligand (Figure 1.25a).130-131
The M. Zaworotko group at USF, among others,93 has attempted to decorate the
exterior of the nanoball by utilizing various 5-position functionalized 1,3-BDC
derivatives (e.g. 5-methoxy- and 5-sulfo-1,3-BDC), which led to the assembly of
3D frameworks and 1D chains, respectively, through cross-linking of nanoballs
as SBBs (Figure 1.25c).134
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OH

HO
a)
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O

b)

c)
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Figure 1.25. a) 5-R-1,3-H2BDC, where the R group can be a variety of functional
groups, can form b) nanoballs from metal paddlewheel clusters, which can be
extended through the exterior open metal sites (yellow) or ligand 5-position
functional groups (orange) to serve as c) small rhombihexahedra SBBs.
Hydrogen atoms have been omitted for clarity; M = green, C = gray, N = blue,
and O = red. The gold sphere represents the largest sphere the interior of the
nanoball.

More recently, the functionalization of the 1,3-BDC ligand with a tetrazole
moiety has led to the design and synthesis of a (3,24)-connected MOF with an
unprecedented rht topology.127 The hetero-functional ligand simultaneously takes
advantage of the ability of the 1,3-BDC moiety to form the nanoball and the
tetrazole moiety to form trinuclear trigonal clusters (Figure 1.26a). As a result, the
solvothermal reaction of 5-(4-tetrazolyl)isophthalic acid (H3TZI) with Cu2+
produces an rht-MOF based on the assembly of 24-connected nanoball SBBs
and 3-connected Cu-tetrazolate MBBs (Figure 1.26).
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e)
Figure 1.26. a) H3TZI can form b) trigonal trinuclear copper MBBs at the
tetrazolate moieties and c) nanoballs at the carboxylate moieties (hydrogen
atoms have been omitted for clarity; M = green, C = gray, N = blue, O = red,
extension point = orange) to give d) a 24-connected SBB that connects 24
trigonal MBBs in a novel MOF based on e) the (3,24)-connected rht net.

Another route to utilizing MOPs as SBBs is the use of covalent
linkages.126,136 Nanoballs have been covalently cross-linked into a 3D MOF
comparable to the bcc net by targeting ligands with multiple 1,3-BDC moieties
covalently linked through some organic core, e.g. 1,3-bis(5-methoxy-1,3-benzene
dicarboxylic acid)benzene (Figure 1.27a).136 Similar tetracarboxylic acids (Figure
1.27b-c) have been utilized to covalently cross-link metal-organic
cubohemioctahedron (12 vertices), into 3D MOFs based on the12-connected fcu
net.126
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Figure 1.27. Tetracarboxylic acids: a) 1,3-bis(5-methoxy-1,3-benzene
dicarboxylic acid)benzene, b) 5,5’-azobis-1,3-benzenedicarboxylic acid
(H4ABBDC), and c) H4BIPA-TC.
Covalent Organic Frameworks (COFs)

Recently, the MBB approach has been applied to purely organic structures
(i.e. consisting exclusively of light elements like H, B, C, N, and O), termed
covalent organic frameworks (COFs),137-140 where the building blocks are bridged
by strong covalent bonds rather than coordination bonds as in MOFs. The
difficulty of crystallization using such strong bonds was first overcome by O. M.
Yaghi and co-workers at UCLA by utilizing the slow dehydration of boronic
acids.137 The first COF, COF-1 [(C3H2BO)6·(C9H12)1], was formed by the
condensation reactions between ditopic 1,4-benzenediboronic acid (BDBA)
molecules, which form expected planar 6-member heterocyclic B3O3 boroxine
rings (cyclotrimerized) that extend through the boron atoms and function as
trigonal building blocks, to give a COF analogous to the 2D hxl net34 (Figure
1.28). A similar condensation reaction occurs between BDBA molecules and the
diol moieties of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) molecules to give
a five-member BO2C2 ring, again extended through the boron atoms such that
HHTPs serve as expanded trigonal building blocks linearly linked by BDBAs in a
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similar 2D hxl-like COF, COF-5 (C9H4BO2).137 Both COFs exhibit rigid structures
with large apertures (7-27Å) and high thermal stabilities (up to 500 to 600°C).

Figure 1.28. The dehydration of BDBA results in the formation of a boroxine
rings that lead to the formation of a COF with a hxl-like net based on trigonal
nodes.

The Lavigne group at the University of South Carolina further supported
the potential of this organic MBB approach in reticular chemistry by synthesizing
another hxl-like COF, COF-18Å, via condensation of 1,3,5-benzenetriboronic
acid and 1,2,4,5- tetrahydroxybenzene.138 Several other other hxl-like COFs have
been constructed,139 and, recently, this boronate-based organic MBB approach
has been applied to the construction of 3D structures.140

Porosity

The utility of functional materials like zeolites in a variety of applications,
from ion exchange to gas storage to separations to catalysis, is highly dependent
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on the framework’s structural features, such as the dimensions of the pore
openings, the size of the cavities, and their relative accessibility.18 Therefore, the
ability to maintain framework stability in MOFs upon removal of included guests
is essential to their use in certain applications. As such, routine gas sorption
experiments (typically N2 and Ar) are carried out on MOFs to determine
permanent porosity, which is evidenced by reversible type I adsorption isotherms
characteristic of microporous materials (type IV isotherms are more characteristic
of mesoporous materials).142 Typically, the apparent BET and Langmuir surface
areas are estimated based on the experimental isotherms, and the pore volume
is determined using the Dubinin-Radushkevich equation.142
Though the metal-cyanide inclusion compounds can readily trap
molecules, many are not stable upon loss of the guest molecules or heating.45,48
There have been many efforts to synthesize more stable derivatives with unique
properties or larger cavities, with limited success.49-61 The occurrence of βphases in Werner complexes has led to a few that exhibit porosity upon loss of
guest molecules.44 Though recent developments have led to porous 4,4’-Bipybased MOMs,143-144 these materials typically remain unstable and collapse upon
exchange or removal of guests and have been plagued by interpenetration.33
Many of the 4,4’-Bipy-like ligands are quite rigid; however, lack of permanent
porosity has traditionally been correlated to the flexible nature of the M-N
coordination angles, which usually results in more flexible frameworks and limits
their utility as porous materials.88

40

The ability to target rigid metal-carboxylate cluster MBBs, i.e. consistently
maintain the cluster or generate it in situ, gave promise to these MOMs when
permanent porosity was finally achieved and proven for one MOF,
Zn(BDC)·(DMF)(H2O), in 1998.145 The metal-carboxylate open frameworks are
exemplified through the basic zinc acetate MBB and its subsequent use in the
construction of 1) CaB6-like IRMOFs from linear ditopic carboxylates to give
unprecedented lower densities than encountered in any crystalline material31 and
2) MOF-177 from 1,3,5-benzenetribenzoate (BTB) with the highest observed
surface area of any porous material (Table 1.1), up to ~5 times higher than the
most open inorganic zeolite.11
Many other MOMs based on metal-carboxylate clusters also exhibit
permanent porosity with relatively high surface areas,96k,106,146 as shown in Table
1.1. Several of the MOMs synthesized from the metal-azolate clusters also
exhibit permanent porosity.102-103,147-148 The single-metal-ion based MBB
approach likewise appears to be useful at generating porous materials.121,123 The
COFs synthesized via the MBB approach even exhibit permanent porosity,
having high surface areas (711 and 1590 m2/g, respectively).137 Additionally, Long
and co-workers have emphasized the impact of preparation and handling on the

hydrogen storage properties of MOFs, specifically MOF-5.149a The surface area
and pore volume for several of the MOFs discussed previously in this chapter are
listed in Table 1.1, as well as several MOFs of interest.
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Table 1.1. Porosity in select MOFs.
Material
BET
Langmuir Pore volume
(m2/g)
(m2/g)
(cm3/g)
IRMOF-1 (MOF3800
4400
1.19
5)149a
Mn-BTT102
2057
2230
n.r.
Fe3(O)(PBPC)3106
1200
n.r.
n.r.
106
Ni3(OH)(PBPC)3
1553
n.r.
n.r.
In-ImDC
n.r.
1067
n.r.
Na-rho-ZMOF121
In-PmDC Li-sodn.r.
616
0.245
ZMOF123
Cd-PmC Li-rhon.r.
1168
0.474
ZMOF123
Cu-TZI rht-MOF127
2847
3223
1.01
COF-1137
711
n.r.
0.36/0.32
COF-5137
1590
n.r.
0.998
MOF-177104
n.r.
5640
1.59
146
MIL-53(Al)
1100
1590
0.59
146
MIL-53(Cr)
n.r.
1500
0.56
MIL-100146
n.r.
2800
1.0
146
MIL-101
n.r.
5500
1.9
HKUST-1146
1154
1958
0.69
soc-MOF96k
n.r.
1417
0.50
Cu-TPB147
1120
1200
n.r.
147
Mn-TPT
1580
1700
n.r.
n.r. = not reported

Applications

The achievement of permanently porous MOFs has opened avenues to
numerous applications,150 from gas storage149 to catalysis151-154 to drug
delivery155 to sensing121. The accessibility of N2 to the MOF pores reveals the
ability of MOFs to adsorb gases, and this has been one of the primary
applications of MOFs. Porous MOFs have some of the highest capacities of any
porous material for the storage of carbon dioxide156 and hydrogen157.
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With the quest for new energy sources for mobile applications, hydrogen is at the
forefront and its safe and efficient storage are key concerns.158-162 MOFs have
been studied as potential storage candidates,104 and have continued to progress
toward the U.S. Department of Energy targets,164 which will be discussed further
in Chapter 5. Typically, the H2 sorption isotherms are determined at 77K and 87K
at 1 atm to determine the potential storage capacity, as well as estimations of the
energy of interaction of H2 with MOF structures by calculation of isosteric heats of
H2 adsorption using either the Clausius–Clapeyron equation165 or by a virial-type
expression166 to fit H2 isotherm data at the two temperatures. Increasingly more
common are H2 adsorption studies at higher pressures (up to 100 bar)104 and
higher temperatures (up to 298K, room temperature).167 Some of the top values
for MOFs are listed in Table 1.2, as well as several of the MOFs discussed
earlier in this chapter, for comparison. There are several reviews that discuss this
topic more in depth,21,23a,104,146,167 and, according to Ferey,146 there are only three
MOFs that have been satisfactorily verified21 for hydrogen storage at 77K: MOF5, HKUST-1, and MIL-53(Al).
The modular nature of MOFs should permit the substitution of intraframework metals with lighter metals that may allow for higher hydrogen
uptakes.96k,146 However, to date there are few examples, but Ferey has seen
some success with the synthesis of an Al versus Cr version of MIL-53.146 In
addition, many open MOFs are ionic, which can allow for exchange of extraframework ions, and Long has shown the utility of this approach to increasing
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Table 1.2. Hydrogen adsorption and storage in select MOFs.
H2 Uptake
H2 Uptake
Isosteric
Material
H2 Uptake
77K, 1atm
77K, >10 atm
298K
heats of
(% weight)
(% weight)
(% weight)
adsorption,
Qst,
(kJ/mol)
0.4 (100
IRMOF-1
1.3149
7.1 (excess,
3.8146
149
167a
atm)
(MOF-5)
50bar)
Mn-BTT
n.r.
2.23 (900
1.5 (90
10.1102
102
147
torr)
bar)
6.9 ( 90bar)147
Fe3(O)(PBPC)3
1.6106
3.05 (20
n.r.
n.r.
bar)106
Ni3(OH)(PBPC)3
1.99106
4.15 (20
n.r.
n.r.
bar)106
In-PmDC sod0.9123
n.r.
n.r.
8.4123
ZMOF
Cd-PmC rho1.16123
n.r.
n.r.
8.7123
ZMOF
Cu-TZI rht-MOF
2.4127
n.r.
n.r.
9.5127
COF-1
1.28167a
n.r.
0.26 (100
n.r.
167
atm)
0.62 (100
MOF-177
1.5167a
7.0 (excess,
11.3167a
104
167a
atm)
50bar)
7.5 (>70
atm)146
MIL-53(Al)
n.r.
3.8(15 bar)146
n.r.
n.r.
4.5(saturation)
146

MIL-53(Cr)
MIL-100

n.r.
n.r.

MIL-101

1.91167a

HKUST-1

2.28167a

soc-MOF
Cu-TPB

2.6196k
n.r.

Mn-TPT

n.r.

3.2(16 bar)146
3.28(~26
bar)146
6.1(~80bar)146

3.6
(saturation)146
n.r.
2.8 (excess,
30 bar)147
3.7 (excess,
25 bar)147
4.5 (excess,
80 bar)147
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n.r.
0.15 (~73
atm)167a
0.43 (80
atm)146
0.51 (100
atm)167a
0.35 (100
atm)167a
n.r.
0.5 (excess,
68 bar)147
0.5 (excess,
68 bar)147

n.r.
6.3146
10.0146

4.5146
6.6104
6.596k
8.2147
7.6147

hydrogen storage by exchanging several extra-framework metal cations in MnBTT and studying their hydrogen uptake.148 A more recent route to increase the
storage capacities in MOFs has been devised by Yang,167a,168-170 where a socalled spillover catalyst (containing 5 wt % Pt supported on active carbon, used
for dissociation of H2) is mechanically combined with the MOF material (i.e. a
bridged material). Hydrogen adsorption in select MOFs via spillover at room
temperature over a wide range of pressure is significantly enhanced (Table 1.3),
but the mechanism is not yet fully understood.

Table 1.3. Hydrogen adsorption and storage via spillover in select MOFs.167a,168170

Bridged Material

IRMOF-1 (MOF-5)
COF-1
MOF-177
MIL-101
HKUST-1
IRMOF-8

H2 Uptake
298K, 100atm
(% weight)
3
0.68
1.5
1.43
1.12
4

Isosteric heats
of adsorption,
Qst, (kJ/mol)
n.r.
~16
n.r.
~21
~17.5
~24.8

Other key potential applications for porous MOFs are separations and
catalysis. The ability to generate a wide range of structures with periodic pore
sizes and shapes definitely suggests the possibility for size- and/or shapespecific separation and catalysis, similar to what has been seen for widely-used
zeolites. One important feature of MOFs that may help contribute to catalysis is
the presence of accessible open metal sites within the material, which can induce
selectivity toward reaction intermediates or guest molecules.146 Several of the
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rigid MBBs used to construct MOFs, such as the previously described
paddlewheel cluster [M2(RCO2)4L2] or basic chromium acetate cluster
[(M3O(RCO2)6L3] (Figure 1.10),93 have the potential to provide open metal sites
upon removal (via evacuation and/or heating) of the ancillary terminal ligands (L,
Figure 1.29a).
In addition, the modularity of MOFs allows for the introduction of extra
open metal sites via the use of metalloligands, e.g. the utilization of pyridine- or
carboxylate-functionalized porphyrins171-174 or salen-type ligands175-176 that can
complex metal ions in a tetradentate fashion at the core (Figure 1.29b-c) and
form the ancillary metal-pyridine or -carboxylate MBBs necessary for the
generation of MOFs, especially those that are known to aid in the catalysis of
certain reactions like olefin epoxidation.176 As mentioned previously, the large
open cavities of MOFs also allow for the exchange of extra-framework metal
cations through the pores, which may add open metal sites.121,147 It should be
noted that open metal sites also have been implicated in enhanced dihydrogen
uptake and interactions with MOFs,104 and Hupp and co-workers found that
doping the framework with Li+ metal cations significantly increases N2 and H2
uptake and H2 interactions (i.e. higher isosteric heats of adsorption).177
Additionally, the large cavities permit the encapsulation of large molecules,11,121
suggesting that metal complexes like metallated porphyrins, salen-type
complexes, or others178 may permit catalytic activity upon encapsulation in the
MOF.
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Figure 1.29. Open metal sites can be introduced into MOMs in a variety of ways:
a) removal of ancillary terminal ligands on metal-carboxylate cluster MBBs, or
carboxylate-functionalized metalloligands like b) salen-type complexes (R = C in
an alkyl group or aryl group) and c) metallated porphyrins.

In addition, the tunable nature of MOMs permits to synthesize structures
with built-in chirality, which may be utilized for enantioselective separation and
catalysis,96c,176 an area where zeolites have seen limited success.179-180 In fact, a
few homochiral MOFs have been synthesized with some success in asymmetric
catalytic activity.96c,181-183 Chiral MOFs can be synthesized from achiral
components, but most homochiral MOFs have been synthesized from
enantiopure chiral ligands, with a majority constructed from binaphthyl-based
ligands.181
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The large apertures of some MOFs also allow for potential diffusion of
large

molecules,11,121,155,184

which

may

be

used

in

controlled-release

applications184 like drug delivery155 or sensing121,184 applications, into the cavities,
another area where zeolites have been limited.121 The large apertures of MOF177 (~11 Å) have allowed the uptake of several large molecules, including C60
and several molecular dyes of varying size and shape (i.e. Astrazon Orange R,
Nile Red, and Reichardt’s dye) even though the overall framework is neutral,
indicating the potential for size (and possibly shape) selectivity on a scale not
previously seen.11 Ferey and co-workers have shown the potential for MOFs in
drug delivery applications by the uptake and controlled release of Ibuprofen from
the extra-large pores of MIL-100 (apertures of 4.8 and 8.6 Å) and MIL-101
(apertures of 12 and 16 Å).155
Our group has utilized the large pores of MOFs to adsorb large molecules
for sensor applications.121 The D8R cages of In-ImDC rho-ZMOF represent ~9 Å
windows that allow access to the extra-large cavities, α-cages with an internal
diameter of 18.2 Å. Unlike the previous examples, In-ImDC rho-ZMOF is anionic,
making it ideal for applications involving cationic exchange. The cationic
fluorophore, acridine orange (AO), is diffused into the α-cage cavities (Figure
1.30), and the electrostatic interactions with the framework preclude further
diffusion of AO out of the cavities/pores, essentially anchoring the fluorophore.
The extra-large dimensions allow for the diffusion of additional neutral guest
molecules, and the anchored AO is utilized to sense a variety of neutral
molecules, such as methyl xanthines or DNA nucleoside bases. These results
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demonstrate the ability of anionic MOFs to serve as (host-guest)-guest sensors,
where the MOF serves as a periodic porous platform for fluorescent cations that
act as the sensors.

Figure 1.30. Relatively large molecules like AO can freely diffuse through the
D8R windows of In-ImDC rho-ZMOF, as supported by the color change of the
single-crystals from colorless to orange.

Conclusion

Though MOMs having default topologies may be of interest for certain
applications and have proven to exhibit interesting properties, structures with
non-default topologies also may be of interest for applications (e.g. zeolite-like
frameworks). Therefore, it makes sense that in order to target these atypical
structures, a higher degree of information, beyond simple geometry, must be
integrated into the MBBs. Though numerous inorganic and organic MBBs with
varied connectivity are available to the would-be designer, it is still proving
difficult to design MOMs. Therefore, strategies where topological control can be
mandated by integrating structural information in the MBB (i.e. utilizing SBBs) are
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essential for the eventual design of materials for specific applications. In addition,
as new MOMs are synthesized and a higher level of control obtained, more and
more applications may be realized, a subject that will be expounded in Chapter 7.

Experimental Section

Unless otherwise noted, the MOMs discussed in the following chapters
were synthesized and characterized by Jarrod F. Eubank in the Eddaoudi group
of the Chemistry Department at the University of South Florida according to the
following:

Materials and Methods

All chemicals were used as received from Fisher Scientific, Sigma-Aldrich,
and TCI America chemical companies. Elemental microanalyses were performed
on crystalline samples by the University of Michigan, Department of Chemistry,
Elemental Analysis Lab on a Perkin-Elmer 2400 Series II Analyzer.
The following analyses were performed at the University of South Florida.
Thermogravimetric analyses (TGA) were performed under N2 and recorded on a
TA Instruments Hi-Res TGA 2950 Thermogravimetric Analyzer (Appendix A).
Fourier transform infrared (FT-IR) spectra were measured via solid state using an
Avatar 320 FT-IR system. Absorptions are described as follows: very strong (vs),
strong (s), medium (m), weak (w), shoulder (sh), and broad (br).
Powder X-ray diffraction (PXRD) data were recorded on a Rigaku RU15
diffractometer at 30kV, 15mA for CuKα (λ = 1.5418 Å), with a scan speed of
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1°/min and a step size of 0.05° in 2θ (Appendix B). Calculated PXRD patterns
were produced using PowderCell 2.4 software. Single-crystal X-ray diffraction
(SCD) data were collected on a Bruker SMART-APEX CCD diffractometer using
MoKα radiation (λ = 0.71073 Å) operated at 2000 W power (50 kV, 40 mA). The
frames were integrated with SAINT software package with a narrow frame
algorithm. The structure was solved using direct methods and refined by fullmatrix least-squares on |F|2. All crystallographic calculations were conducted with
the SHELXTL 5.1 program package,185 and performed by Dr. Rosa D. Walsh, Dr.
Victor Kravtsov, or Dr. Lukasz Wojtas in the Department of Chemistry at the
University of South Florida. Select crystallographic data is included for each
compound. Additional details are presented in Crystallographic Tables in
Appendix C.
Topological analyses were performed using OLEX software186 upon
simplification of the structures to simple nodes and spacers in Materials
Studio,187 and the resulting topological terms compared to those in the literature
and the RCSR database.34 For known topologies, the three-letter symbols
adopted by O’Keeffe are used (e.g. dia stands for the topology of the diamond
net).34 All total solvent-accessible volumes were determined using PLATON
software188 by summing voxels more than 1.2 Å away from the framework.

Synthesis and Characterization

The synthesis and characterization of compound 1 is typical of the MOMs
in the following chapters:
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Synthesis

of

[Zn(PmDC)(DMF)(H2O)·(DMF)]n

(1).

4,6-

pyrimidinedicarboxylic acid (H2PmDC) was synthesized according to literature
procedures from 4,6-dimethylpyrimidine.189 H2PmDC (6.6 mg, 0.04 mmol) and
Zn(NO3)2·6H2O (11.9 mg, 0.04 mmol) were added to a 1 mL solution of DMF
(0.63 mL) and EtOH (0.37 mL), and Py (0.1 mL) in a 20 mL scintillation vial and
the colorless crystals were collected after 1 week at room temperature.
SCD Analysis of 1. Zn4C48H64N16O28: M = 787.32, monoclinic, P21/c, a =

10.6981(14) Å, b = 12.7517(17) Å, c = 12.6507(17) Å, β = 107.894(2)°, V =
1642.3(4) Å3, Z = 2, Dc = 1.592 Mg m-3, µ = 1.538 mm-1, 9314 [(R(int) = 0.1107]
reflections of which 3650 assumed as observed (I > 2σ(I)). Final R1 = 0.0549,
wR2 = 0.1214 (I > 2σ(I)).
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Chapter 2:
3-Connected Frameworks from 3,5-PDC and Single-Metal Ions

Introduction
The utility of metal-ligand directed assembly of hetero-functional organic
linkers to construct MOMs with predicted topologies using hetero-coordination/chelation to saturate the coordination sphere of single-metal ions has already
been shown.117-123 The second single-metal-ion-based MBB approach involves
capping positions of the coordination sphere.79 This strategy is especially suited
to the design and synthesis of MOFs with default topologies.39-40 Though a
variety of architectures with varying connectivity are possible, 3-connected
frameworks are of particular interest, because the default topology, srs, is
intrinsically chiral.39 Chiral MOFs have shown great promise in applications like
nonlinear optics,105 asymmetric catalysis, and chiral separation,96c,181-183 so a
logical design strategy to obtain such frameworks would be beneficial. This
chapter will focus on the design and synthesis of several novel 3-connected
MOFs from single-metal ions and the N- and (CO2)- hetero-coordination of 3,5pyridinedicarboxylate (3,5-PDC) as a tritopic linker (Figure 2.1).190 The
importance of correlating building block geometrical information to the resultant
structure in an effort to design functional materials is emphasized.
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Figure 2.1. Upon deprotonation in situ, 3,5-pyridinedicarboxylic acid (3,5-H2PDC)
can serve as a tritopic linker.

Experimental Section
Materials and Methods
All materials and methods are described in Chapter 1, unless otherwise
noted.

Synthesis and Characterization
Synthesis of [Cu(3,5-PDC)(DMF)(Py)]n (2). Unless otherwise noted, all
reactions were carried out in a similar manner to the following:
A: 1 mL of DMF was added to 3,5-H2PDC (6.7 mg, 0.04 mmol) and
Cu(NO3)2·2.5H2O (0.04 mmol) in a 20 mL scintillation vial, and the resulting slurry
ultrasonicated until the reactants dissolved. An additional 0.5 mL DMF and 0.5
mL EtOH were added to complete the 2 mL solvent system, and 0.1 mL Py was
added as a terminal co-ligand to complete the solution. The solution was heated
at a constant rate of 1.5°C/min to 85°C for 12 h, then cooled at a constant rate of
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1°C/min to room temperature. Dark blue crystals were collected and air dried
(74% yield, based on Cu determined by SCD analysis). The as-synthesized
material is insoluble in water and common organic solvents, though it degrades
in EtOH. CHN elemental analysis (%) for 2A, CuC15H15N3O5: Calcd. C, 47.30; H,
3.97; N, 11.04; Found C, 44.89; H, 3.925; N, 11.11. FT-IR (4000–600 cm-1):
1642(s), 1500(w), 1435(w), 1410 (m), 1342(s), 1277(m), 1130(m), 1092(w),
1043(w), 825(m).
SCD Analysis of 2. A: CuC15H15N3O5: M = 380.84, orthorhombic,
P212121, a = 7.8199(7) Å, b = 10.4971(10) Å, c = 19.0810(18) Å, α = 90°, β = 90°,
γ = 90°, V = 1566.3(3) Å3, Z = 4, Dc = 1.615 Mg m-3, µ = 1.426 mm-1, 10024
[(R(int) = 0.0559] reflections of which 3129 assumed as observed (I > 2σ(I)).
Final R1 = 0.0437, wR2 = 0.1060 (I > 2σ(I)). Absolute structure parameter
0.01(2).
B: 3,5-H2PDC (6.7 mg, 0.04 mmol), Cu(NO3)2·2.5H2O (0.04 mmol), 1.5 mL
DMF, 0.5 mL (R)-(-)-1,2-propanediol, and 0.1 mL Py were added to a 20 mL
scintillation vial, and the solution was heated at a constant rate 1.5°C/min to 85°C
for 12 h, then cooled at a constant rate 1°C/min to room temperature. Dark blue
polyhedron crystals were collected and air dried (76% yield). The as-synthesized
material is insoluble in water and common organic solvents, though it degrades
in EtOH. The use of (S)-(+)-1,2-propanediol only results in a copper pyridine
nitrate salt (structure not reported).
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Synthesis of [Zn(3,5-PDC)(DMA)·(EtOH)]n (3). Zn(OAc)2·2H2O (8.8 mg,
0.04 mmol) and 3,5-H2PDC (6.7 mg, 0.04 mmol) were added to a 2 mL solution
of N,N’-dimethylacetamide (DMA, 1 mL), EtOH (1 mL), and Py (0.1 mL) in a 20
mL scintillation vial, heated at a constant rate 1.5°C/min to 85°C for 12 h, then
cooled at a constant rate 1°C/min to room temperature (no crystals formed),
heated at a constant rate 1.5°C/min to 105°C for 23 hours, cooled at a constant
rate 1°C/min to room temperature (no crystals formed), heated at a constant rate
1.5°C/min to 115°C for 23 hours, and cooled at a constant rate 1°C/min to room
temperature. The as-synthesized colorless crystals are insoluble in water and
common organic solvents.
SCD Analysis of 3. ZnC13H12N2O7: M = 373.62, orthorhombic, P212121, a
= 10.6464(19) Å, b = 11.591(2) Å, c = 14.741(3) Å, V = 1819.1(6) Å3, Z = 4, Dc =
1.364 Mg m-3, µ = 1.382 mm-1, 13461 [R(int) = 0.0652] unique reflections of
which 2951 assumed as observed (I > 2σ(I)). R1 = 0.0548, wR2 = 0.1459 (for I >
2σ(I)).

Synthesis of [Cu(3,5-PDC)(Py)(H2O)2]n (4). Cu(NO3)2·2.5H2O (23.3 mg,
0.08 mmol) and 3,5-H2PDC (13.4 mg, 0.08 mmol) were added to a 2 mL solution
of N,N’-diethylformamide (DEF, 1 mL), EtOH (1 mL), and Py (0.09 mL) in a 20
mL scintillation vial and left at room temperature for several months, allowing
slow evaporation of the solvent. The as-synthesized blue crystals are insoluble in
water and common organic solvents.
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SCD Analysis of 4. CuC12H8N2O5: M = 323.74, hexagonal, P6522, a =
9.6299(12) Å, b = 9.6299(12) Å, c = 22.215(5) Å, α = 90°, β = 90°, γ = 120°, V =
1784.1(5) Å3, Z = 6, Dc = 1.808 Mg m-3, µ = 1.858 mm-1, 4917 [R(int) = 0.0493]
unique reflections of which 730 assumed as observed (I > 2σ(I)). R1 = 0.1046,
wR2 = 0.2340 (for I > 2σ(I)).

Synthesis of [Cu(3,5-PDC)(Py)2]n (5). A: 3,5-PDC (6.7 mg, 0.04 mmol),
Cu(NO3)2·2.5H20 (9.3 mg, 0.04 mmol), DMF (1.5 mL), EtOH (0.5 mL), and Py
(0.4 mL). Solution heated at a constant rate 1.5°C/min to 85°C for 12 h, then
cooled at a constant rate 1°C/min to room temperature. Light blue needle crystals
collected and air dried (85% yield). As-synthesized material is insoluble in water
and common organic solvents. FT-IR (4000-600 cm-1): 1603(s), 1571(m),
1440(m), 1408(m), 1364(s), 1310(w), 1222(w), 1130(w), 836(w), 781(s).
B: 3,5-PDC (6.7 mg, 0.04 mmol), Cu(NO3)2·2.5H20 (9.3 mg, 0.04 mmol),
DEF (1.5 mL), EtOH (0.5 mL), and Py (0.1 mL). Solution heated at a constant
rate 1.5°C/min to 85°C for 12 h, then cooled at a constant rate 1°C/min to room
temperature. Light blue needle crystals collected and air dried (85% yield).
SCD Analysis of 5. CuC17H13N3O4: M = 386.84, monoclinic, P21/n, a =
10.0877(10) Å, b = 11.5960(11) Å, c = 14.6823(14) Å, α = 90°, β = 93.690(2)°, γ
= 90°, V = 1713.9(3) Å3, Z = 4, Dc = 1.499 Mg m-3, µ = 1.300 mm-1, 7242 [R(int) =
0.0416] unique reflections of which 3760 assumed as observed (I > 2σ(I)). R1 =
0.0480, wR2 = 0.1001 (for I > 2σ(I)).
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Synthesis of [Zn(3,5-PDC)(DMF)(H2O)·(EtOH)]n (6). Zn(NO3)2·6H2O
(23.8 mg, 0.08 mmol) and 3,5-pyridinedicarboxylic acid (3,5-H2PDC) (13.4 mg,
0.08 mmol) were added to a 2 mL solution of DMF (1.75 mL) and EtOH (0.25
mL) in a 20 mL scintillation vial, and the solution was heated at a constant rate
1.5°C/min to 85°C for 12 h, then cooled at a constant rate 1°C/min to room
temperature. Colorless plate crystals were collected and air dried. The assynthesized material is insoluble in water and common organic solvents, though
it degrades in EtOH.
SCD Analysis of 6. ZnC10.25H12N2O6: M = 324.59, monoclinic, P2(1)/c, a =
11.0755(7) Å, b = 9.7569(7) Å, c = 12.1596(8) Å, α = 90°, β = 90.0100(10)°, γ =
90°, V = 1314.00(15) Å3, Z = 4, Dc = 1.641 Mg m-3, µ = 1.893 mm-1, 8077 [R(int)
= 0.0632] reflections of which 3056 assumed as observed (I > 2σ(I)). Final R1 =
0.0357, wR2 = 0.0943 (I > 2σ(I)).

Synthesis of [Co(3,5-PDC)(Py)(H2O)]n (7). 3,5-H2PDC (13.4 mg, 0.08
mmol), Co(NO3)2⋅6H2O (46.6 mg, 0.16 mmol), EtOH (1 mL), DMF (1 mL), Py
(0.05 mL) were added to a 20 mL scintillation vial, and the solution was heated at
a constant rate 1.5°C/min to 85°C for 12 h, then cooled at a constant rate
1°C/min to room temperature. Fuchsia block crystals were collected and airdried, and were insoluble in H2O and common organic solvents, though they
degrade in EtOH.
SCD Analysis of 7. CoC12H10N2O5: M = 321.15, monoclinic, P2(1)/c, a =
10.8654(14) Å, b = 9.8741(12) Å, c = 11.9102(14) Å, α = 90°, β = 91.465(2)°, γ =
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90°, V = 1277.4(3) Å3, Z = 4, Dc = 1.670 Mg m-3, µ = 1.364 mm-1, 6606 [(R(int) =
0.0434] reflections of which 2258 assumed as observed (I > 2σ(I)). Final R1 =
0.0418, wR2 = 0.1048 (I > 2σ(I)).

Synthesis of [Cu(3,5-PDC)(Isoq)2]n (8). Cu(NO3)2·2.5H2O (9.3 mg, 0.04
mmol) and 3,5-H2PDC (6.7 mg, 0.04 mmol) were added to a 2 mL solution of
DMF (1.5 mL), EtOH (0.5 mL), and isoquinoline (Isoq, 0.025 mL) in a 20 mL
scintillation vial, heated at a constant rate 1.5°C/min to 85°C for 12 h, then cooled
at a constant rate 1°C/min to room temperature. The as-synthesized light blue
needle crystals are insoluble in water and common organic solvents.
SCD Analysis of 8. Cu0.5C12.5H8.5N1.5O2: M = 243.48, monoclinic, C2/c, a
= 10.6278(9) Å, b = 10.0563(9) Å, c = 18.8052(17) Å, α = 90°, β = 92.651(2)°, γ =
90°, V = 2007.7(3) Å3, Z = 8, Dc = 1.611 Mg m-3, µ = 1.129 mm-1, 6019 [R(int) =
0.0307] unique reflections of which 2121 assumed as observed (I > 2σ(I)). R1 =
0.0408, wR2 = 0.0987 (for I > 2σ(I)).

Synthesis of [Co(3,5-PDC)(Isoq)(H2O)]n (9). Co(NO3)2·6H2O (46.6 mg,
0.16 mmol) and 3,5-H2PDC (13.4 mg, 0.08 mmol) were added to a 2 mL solution
of DMF (1 mL), EtOH (1 mL), and Isoq (0.05 mL) in a 20 mL scintillation vial,
heated at a constant rate 1.5°C/min to 85°C for 12 h, then cooled at a constant
rate 1°C/min to room temperature. The as-synthesized pink crystals are insoluble
in water and common organic solvents.
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SCD Analysis of 9. CoC16.50H3N2O30: M = 768.14, monoclinic, P21/c, a =
13.071(3) Å, b = 9.906(2) Å, c = 11.878(3) Å, α = 90°, β = 98.178(4)°, γ = 90°, V
= 1522.4(6) Å3, Z = 4, Dc = 3.351 Mg m-3, µ = 1.370 mm-1, 4829 [R(int) = 0.0806]
unique reflections of which 1999 assumed as observed (I > 2σ(I)). R1 = 0.0912,
wR2 = 0.2273 (for I > 2σ(I)).

Synthesis of [Zn2(3,5-PDC)2(4,4’-Bipy)(H2O)2·(DMF)2]n (10).
Zn(NO3)2·6H2O (23.8 mg, 0.08 mmol), 3,5-H2PDC (13.4 mg, 0.08 mmol), and
4,4’-Bipy (12.5 mg, 0.08 mmol) were added to a 2 mL solution of DMF (1.75 mL),
EtOH (0.25 mL), and HNO3 (0.1 mL in DMF) in a 20 mL scintillation vial, heated
at a constant rate 1.5°C/min to 85°C for 12 h, then cooled at a constant rate
1°C/min to room temperature. The as-synthesized colorless plate crystals are
insoluble in water and common organic solvents.
SCD Analysis of 10. Zn2C30H24N6O12.39: M = 797.53, monoclinic, C2/c, a
= 29.916(3) Å, b = 9.7777(9) Å, c = 12.1183(11) Å, α = 90°, β = 101.259(2)°, γ =
90°, V = 3476.5(5) Å3, Z = 4, Dc = 1.524 Mg m-3, µ = 1.450 mm-1, 9154 [R(int) =
0.0419] unique reflections of which 2818 assumed as observed (I > 2σ(I)). R1 =
0.0505, wR2 = 0.1151 (for I > 2σ(I)).

Synthesis of [Co(4,4’-Bipy)(formate)2]n (11). Co(NO3)2·6H2O (46.6 mg,
0.16 mmol), 3,5-H2PDC (13.4 mg, 0.08 mmol), and 4,4’-Bipy (6.2 mg, 0.04 mmol)
were added to a 2 mL solution of DMF (1 mL), and EtOH (1 mL) in a 20 mL
scintillation vial, heated at a constant rate 1.5°C/min to 85°C for 12 h, then cooled
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at a constant rate 1°C/min to room temperature. The as-synthesized pink cube
crystals are insoluble in water and common organic solvents.
SCD Analysis of 11. CoC12H10N2O4: M = 305.15, tetragonal, I4122, a =
7.9857(9) Å, b = 7.9857(9) Å, c = 17.368(4) Å, α = 90°, β = 90°, γ = 90°, V =
1107.6(3) Å3, Z = 4, Dc = 1.830 Mg m-3, µ = 1.561 mm-1, 2843 [R(int) = 0.0685]
unique reflections of which 532 assumed as observed (I > 2σ(I)). R1 = 0.0578,
wR2 = 0.1307 (for I > 2σ(I)).

Synthesis of [Ni(3,5-PDC)(Py)2(H2O)]n (12). Ni(NO3)2·6H2O (23.3 mg,
0.08 mmol) and 3,5-H2PDC (13.4 mg, 0.08 mmol) were added to a 2 mL solution
of DEF (1 mL), EtOH (1 mL), and Py (0.09 mL) in a 20 mL scintillation vial,
heated at a constant rate 1.5°C/min to 85°C for 12 h, then cooled at a constant
rate 1°C/min to room temperature. The as-synthesized light blue rod crystals are
insoluble in water and common organic solvents.
SCD Analysis of 12. NiC17H15N3O5: M = 400.03, monoclinic, P21/n, a =
8.8334(8) Å, b = 11.3383(11) Å, c = 17.7097(16) Å, α = 90°, β = 95.445(2)°, γ =
90°, V = 1765.7(3) Å3, Z = 4, Dc = 1.505 Mg m-3, µ = 1.132 mm-1, 9037 [R(int) =
0.0442] unique reflections of which 2453 assumed as observed (I > 2σ(I)). R1 =
0.0476, wR2 = 0.1144 (for I > 2σ(I)).

Synthesis of [Cu(3,5-PDC)(Py)2·(EtOH)(H2O)]n (13). Cu(NO3)2·2.5H2O
(23.3 mg, 0.08 mmol) and 3,5-H2PDC (13.4 mg, 0.08 mmol) were added to a 2
mL solution of DEF (1 mL), EtOH (1 mL), and Py (0.09 mL) in a 20 mL
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scintillation vial and left at room temperature for 1 day. The as-synthesized blue
hexagonal plate crystals are insoluble in water and common organic solvents.
SCD Analysis of 13. CuC19H21N3O6: M = 450.93, monoclinic, P21/n, a =
8.911(2) Å, b = 19.585(5) Å, c = 11.334(3) Å, α = 90°, β = 99.161(6)°, γ = 90°, V
= 1953.0(9) Å3, Z = 4, Dc = 1.534 Mg m-3, µ = 1.160 mm-1, 10190 [R(int) =
0.0508] unique reflections of which 3634 assumed as observed (I > 2σ(I)). R1 =
0.0451, wR2 = 0.1114 (for I > 2σ(I)).

Synthesis of [Ni(3,5-PDC)(Pic)2(H2O)·(EtOH)]n (14). Ni(NO3)2·6H2O
(23.3 mg, 0.08 mmol) and 3,5-H2PDC (13.4 mg, 0.08 mmol) were added to a 2
mL solution of DMF (1 mL), EtOH (1 mL), and 4-picoline (Pic) (0.09 mL) in a 20
mL scintillation vial, and remained at room temperature for several days before
light blue crystals formed, which are insoluble in water and common organic
solvents.
SCD Analysis of 14. NiC21H23N3O6: M = 472.13, monoclinic, P21/n, a =
10.3788(15) Å, b = 20.110(3) Å, c = 11.3167(16) Å, α = 90°, β = 113.793(3)°, γ =
90°, V = 2161.2(5) Å3, Z = 4, Dc = 1.451 Mg m-3, µ = 0.940 mm-1, 11695 [R(int) =
0.1076] unique reflections of which 2630 assumed as observed (I > 2σ(I)). R1 =
0.0707, wR2 = 0.1662 (for I > 2σ(I)).

Synthesis of [Ni(3,5-PDC)(4,4’-Bipy)(H2O)]n (15). Ni(NO3)2·6H2O (23.3
mg, 0.08 mmol) and 3,5-H2PDC (13.4 mg, 0.08 mmol) were added to a 2 mL
solution of DEF, 4,4’-Bipy (12.5 mg, 0.08 mmol) in DEF (2 mL) was carefully
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layered on top of the previous solution in a 4 mL scintillation vial, and the layers
left undisturbed at room temperature. After ca. 3 months, the as-synthesized light
blue rod crystals appeared, were collected, and are insoluble in water and
common organic solvents.
SCD Analysis of 15. NiC17H11N3O8: M = 444.00, orthorhombic, Cmca, a =
22.488(5) Å, b = 20.420(4) Å, c = 11.461(2) Å, α = 90°, β = 90°, γ = 90°, V =
5263.0(18) Å3, Z = 8, Dc = 1.121 Mg m-3, µ = 0.774 mm-1, 4565 [R(int) = 0.2423]
unique reflections of which 1300 assumed as observed (I > 2σ(I)). R1 = 0.2853,
wR2 = 0.4920 (for I > 2σ(I)).

Results
Several MOFs have been synthesized under solvothermal conditions from
the reaction between 3,5-PDC and various metal salts. Depending on the
conditions (i.e. solvents, concentrations, metal salts, temperature), various
architectures have been achieved, including the targeted chiral 3D srs-MOF.
Compound 2 forms upon heating a solution of copper nitrate and 3,5-H2PDC
dissolved in DMF, EtOH, and Py. The compound was formulated as Cu(3,5PDC)(DMF)(Py) by single crystal x-ray diffraction analysis (Figure 2.2a) and
elemental analysis. A study of the crystal structure of 2 reveals a neutral 3D MOF
having srs topology. Each 3,5-PDC molecule coordinates to three single-copper
ions. Each Cu2+ of 2 is coordinated to the oxygen atoms of two trans-oriented
carboxylates, each in a monodentate fashion, of two independent 3,5-PDC
ligands and the nitrogen atom of a third 3,5-PDC ligand in equatorial positions
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(Figure 2.2b). The square pyramidal (MN2O3) coordination geometry of each
copper is completed by the nitrogen atom of a terminal Py molecule in the final
equatorial position, opposite the other N atom, and the oxygen atom of a terminal
DMF molecule in the axial position. The coordinated terminal ligands orient to the
interior of the would-be helical channels (~6.9 x 8.6 Å) running along the a axis,
each predominantly filling the void space, and thus the srs-MOF exhibits no
interpenetration. The total potential solvent area volume was calculated as 452.0
Å3 per unit cell volume (1566.3 Å3) or 28.9% upon removal of the terminal DMF
molecules. The total potential solvent area volume was calculated as 413.9 Å3
per unit cell volume (1566.3 Å3) or 26.4% upon removal of one terminal Py
molecule (if possible). The calculated total potential solvent area volume for the
as-synthesized 2 shows that the unit cell contains no residual solvent accessible
void. Thermogravimetric analysis (TGA) indicates two major weight changes
around 110 and 250 °C. The first loss of nearly 25% accounts for the liberation of
coordinated terminal solvent molecules. The second major weight loss of ~45%
primarily accounts for the framework decomposition. Elemental analysis and
SCD data support the absence of free guest molecules in 2, confirming that the
initial weight loss observed in the TGA is mainly due to the liberation of
coordinated solvent molecules. The fully evacuated framework retains its
structural integrity as confirmed by the preservation of the majority of the PXRD
peaks (Appendix B) initially observed for the as-synthesized compound 2.
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a)

b)

Figure 2.2. a) The unit cell of 2, and b) the single-metal-ion-based MBB. Carbon
= gray, oxygen = red, nitrogen = blue, copper = green; only part of the disordered
terminal DMF ligands is shown and hydrogen atoms are omitted for clarity.

Compound 3 forms upon heating a solution of zinc acetate and 3,5H2PDC dissolved in DMA, EtOH, and Py. The compound was formulated as
Zn(3,5-PDC)(DMA)·(EtOH) by single crystal x-ray diffraction analysis (Figure
2.3a). A study of the crystal structure of 3 reveals a neutral 3D MOF having srs
topology. Each 3,5-PDC molecule coordinates to three single-zinc ions. Each
Zn(II) of 3 is coordinated to the oxygen atoms of two carboxylates, in a
monodentate fashion, of two independent 3,5-PDC ligands and the nitrogen atom
of a third 3,5-PDC ligand (Figure 2.3b). The tetrahedral (MNO3) coordination
geometry of each zinc is completed by the oxygen atom of a terminal DMA
molecule. The coordinated terminal ligands orient to the interior of the would-be
channels running along the axes. However, there are open channels (~6.7 x 8.7
Å) along the a axis, which are filled by disordered guest EtOH molecules, and the
srs-MOF exhibits no interpenetration. The total potential solvent area volume was
calculated as 676.1 Å3 per unit cell volume (1819.1 Å3) or 37.2% upon removal of
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the guest molecules. The calculated total potential solvent area volume for the
as-synthesized 3 shows that the unit cell contains no residual solvent accessible
void. There are no Py molecules in the structure, though they are necessary in
the synthesis, suggesting that they merely serve as SDAs. TGA indicates two
major weight changes around 110 and 250 °C. The first loss of nearly 27%
accounts for the liberation of guest solvent molecules and partial liberation of
coordinated DMA. The second major weight loss of ~42% primarily accounts for
the liberation of remaining coordinated DMA molecules and framework
decomposition.

a)

b)

Figure 2.3. a) The unit cell of 3, and b) the single-metal-ion-based MBB. Carbon
= gray, oxygen = red, nitrogen = blue, zinc = green; disordered guest molecules
and hydrogen atoms are omitted for clarity.

Compound 4 forms upon slow evaporation of a solution of copper nitrate
and 3,5-H2PDC dissolved in DEF, EtOH, and Py. The compound was formulated
as Cu(3,5-PDC)(Py)(H2O)2 by single crystal x-ray diffraction analysis (Figure
2.4a). A study of the crystal structure of 4 reveals a neutral 3D MOF having eta
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topology. Each 3,5-PDC molecule coordinates to three single-copper ions. Each
Cu(II) of 4 is coordinated by the oxygen atoms of two trans-oriented
carboxylates, each in a monodentate fashion, of two independent 3,5-PDC
ligands in equatorial positions and the nitrogen atom of a third 3,5-PDC ligand in
an axial position (Figure 2.4b). The octahedral (MN2O4) coordination geometry of
each copper is completed by the nitrogen atom of a terminal Py molecule,
opposite the other N atom, and the remaining equatorial positions are occupied
by trans water molecules. The coordinated terminal Py ligands orient to the
interior of the would-be helical channels (~5.9 x 6.5 Å) running along the c axis,
filling the void space, and thus the eta-MOF exhibits no interpenetration. Each
oxygen atom of the coordinated water molecules is coordinated by two singlecopper ions, resulting in vertex-shared Cu(II) atoms that line these would-be
channels as helical chains. The total potential solvent area volume was
calculated as 641.7 Å3 per unit cell volume (1782.6 Å3) or 36.0% upon removal of
the terminal Py molecules. The calculated total potential solvent area volume for
the as-synthesized 4 shows that the unit cell contains no residual solvent
accessible void.
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a)

b)

Figure 2.4. a) The unit cell of 4, and b) the single-metal-ion-based MBB. Carbon
= gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms are
omitted for clarity.

Compound 5 forms upon heating a solution of copper nitrate and 3,5H2PDC dissolved in DMF, EtOH, and Py. The compound was formulated as
Cu(3,5-PDC)(Py)2 by single crystal x-ray diffraction analysis (Figure 2.5a). A
study of the crystal structure of 5 reveals a neutral MOF with 2D sheets having
hcb topology along the ab plane. Each 3,5-PDC molecule coordinates to three
single-copper ions. Each Cu(II) of 5 is coordinated to the oxygen atoms of two
carboxylates, each in a monodentate fashion, of two independent 3,5-PDC
ligands and the nitrogen atom of a third 3,5-PDC ligand in equatorial positions
(Figure 2.5b). The trigonal bipyramidal (MN3O2) coordination geometry of each
copper is completed by the nitrogen atoms of two terminal Py molecules in the
axial positions, placing them as interlamellar barriers between the undulating
hcb-MOF sheets, resulting in monolayers between hcb-MOF sheets. The hcb-
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MOF sheets stack in a staggered ABA fashion, where each copper is situated
between the hexagonal windows of antiparallel neighboring layers.

a)

b)

Figure 2.5. a) The unit cell of 5, and b) the single-metal-ion-based MBB. Carbon
= gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms are
omitted for clarity.

Compound 6 forms upon heating a solution of zinc nitrate and 3,5-H2PDC
dissolved in DMF and EtOH. The compound was formulated as Zn(3,5PDC)(DMF)(H2O)·(EtOH) by single crystal x-ray diffraction analysis (Figure 2.6a).
A study of the crystal structure of 6 reveals a neutral MOF with 2D sheets having
hcb topology along the bc plane. Each 3,5-PDC molecule coordinates to three
single-zinc ions. Each Zn(II) of 6 is coordinated to the oxygen atoms of two
carboxylates, each in a monodentate fashion, of two independent 3,5-PDC
ligands and the nitrogen atom of a third 3,5-PDC ligand in equatorial positions
(Figure 2.6b). The trigonal bipyramidal (MNO4) coordination geometry of each
zinc is completed by the oxygen atom of a terminal DMF molecule and the
oxygen atom of a terminal water molecule in the axial positions. The axially
coordinated terminal ligands fill the interlamellar space between the hcb-MOF
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sheets in an alternating fashion, resulting in homogeneous bilayers between hcbMOF sheets. The hcb-MOF sheets stack in a staggered ABAB fashion, where
each axial water molecule is situated between the hexagonal windows of
antiparallel neighboring layers (the hydrogen atoms hydrogen bond to the free
3,5-PDC oxygen atoms of neighboring layers). Disordered guest EtOH molecules
fill the void space between the DMF molecules of neighboring layers.

a)

b)

Figure 2.6. a) The unit cell of 6, and b) the single-metal-ion-based MBB. Carbon
= gray, oxygen = red, nitrogen = blue, zinc = green; disordered guest molecules
and hydrogen atoms are omitted for clarity.

Compound 7 forms upon heating a solution of cobalt nitrate and 3,5H2PDC dissolved in DMF, EtOH, and Py. The compound was formulated as
Co(3,5-PDC)(Py)(H2O) by single crystal x-ray diffraction analysis (Figure 2.7a). A
study of the crystal structure of 7 reveals a neutral MOF with 2D sheets having
hcb topology along the bc plane. Each 3,5-PDC molecule coordinates to three
single-cobalt ions. Each Co(II) of 7 is coordinated to the oxygen atoms of two
carboxylates, each in a monodentate fashion, of two independent 3,5-PDC
ligands and the nitrogen atom of a third 3,5-PDC ligand in equatorial positions
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(Figure 2.7b). The trigonal bipyramidal (MN2O3) coordination geometry of each
cobalt is completed by the nitrogen atom of a terminal Py molecule and the
oxygen atom of a terminal water molecule in the axial positions. The axially
coordinated terminal ligands fill the interlamellar space between the hcb-MOF
sheets in an alternating fashion, resulting in homogeneous bilayers between hcbMOF sheets. The hcb-MOF sheets stack in a staggered ABAB fashion, where
each axial water molecule is situated between the hexagonal windows of
antiparallel neighboring layers (the hydrogen atoms hydrogen bond to the free
3,5-PDC oxygen atoms of neighboring layers).

a)

b)

Figure 2.7. a) The unit cell of 7, and b) the single-metal-ion-based MBB. Carbon
= gray, oxygen = red, nitrogen = blue, cobalt = green; only part of the disordered
terminal Py ligands is shown and hydrogen atoms are omitted for clarity.

Compound 8 forms upon heating a solution of copper nitrate and 3,5H2PDC dissolved in DMF, EtOH, and Isoq. The compound was formulated as
Cu(3,5-PDC)(Isoq)2 by single crystal x-ray diffraction analysis (Figure 2.8a). A
study of the crystal structure of 8 reveals a neutral MOF with 2D sheets having
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hcb topology along the ab plane. Each 3,5-PDC molecule coordinates to three
single-copper ions. Each Cu(II) of 8 is coordinated by the oxygen atoms of two
carboxylates, each in a monodentate fashion, of two independent 3,5-PDC
ligands and the nitrogen atom of a third 3,5-PDC ligand in equatorial positions
(Figure 2.8b). The trigonal bipyramidal (MN3O2) coordination geometry of each
copper is completed by the nitrogen atoms of two terminal Isoq molecules in the
axial positions, placing them as interlamellar barriers between the undulating
hcb-MOF sheets, resulting in monolayers between hcb-MOF sheets. The hcbMOF sheets stack in a staggered ABA fashion, where each copper is situated
between the 3,5-PDC centroid of antiparallel neighboring layers.

a)

b)
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Figure 2.8. a) The unit cell of 8, and b) the single-metal-ion-based MBB. Carbon
= gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms are
omitted for clarity.

Compound 9 forms upon heating a solution of cobalt nitrate and 3,5H2PDC dissolved in DMF, EtOH, and Isoq. The compound was formulated as
Co(3,5-PDC)(Isoq)(H2O) by single crystal x-ray diffraction analysis (Figure 2.9a).
A study of the crystal structure of 9 reveals a neutral MOF with 2D sheets having
hcb topology along the bc plane. Each 3,5-PDC molecule coordinates to three
single-cobalt ions. Each Co(II) of 9 is coordinated to the oxygen atoms of two
carboxylates, each in a monodentate fashion, of two independent 3,5-PDC
ligands and the nitrogen atom of a third 3,5-PDC ligand in equatorial positions
(Figure 2.9b). The trigonal bipyramidal (MN2O3) coordination geometry of each
cobalt is completed by the nitrogen atom of a disordered terminal Isoq molecule
and the oxygen atom of a terminal water molecule in the axial positions. The
axially coordinated terminal ligands fill the interlamellar space between the hcbMOF sheets in an alternating fashion, resulting in homogeneous bilayers
between hcb-MOF sheets. The hcb-MOF sheets stack in a staggered ABA
fashion, where each axial water molecule is situated between the hexagonal
windows of antiparallel neighboring layers (the hydrogen atoms hydrogen bond
to the free 3,5-PDC oxygen atoms of neighboring layers).
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a)

b)
Figure 2.9. a) The unit cell of 9, and b) the single-metal-ion-based MBB. Carbon
= gray, oxygen = red, nitrogen = blue, cobalt = green; only part of the disordered
terminal Isoq ligands is shown and hydrogen atoms are omitted for clarity.

Compound 10 forms upon heating a solution of zinc nitrate, 3,5-H2PDC,
and 4,4’-Bipy dissolved in DMF, EtOH, and nitric acid. The compound was
formulated as Zn2(3,5-PDC)2(4,4’-Bipy)(H2O)2·(DMF)2 by single crystal x-ray
diffraction analysis (Figure 2.10a). A study of the crystal structure of 10 reveals a
neutral MOF with 2D sheets having hcb topology along the bc plane and hemipillared along the a axis. Each 3,5-PDC molecule coordinates to three single-zinc
ions. Each Zn(II) of 10 is coordinated to the oxygen atoms of two carboxylates,
each in a monodentate fashion, of two independent 3,5-PDC ligands and the
nitrogen atom of a third 3,5-PDC ligand in equatorial positions (Figure 2.10b).
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The trigonal bipyramidal (MNO4) coordination geometry of each zinc is completed
by the nitrogen atom of a 4,4’-Bipy molecule and the oxygen atom of a terminal
water molecule in the axial positions. The axially coordinated ligands fill the
interlamellar space between the hcb-MOF sheets in an alternating fashion,
resulting in homogeneous bilayers between hcb-MOF sheets. The hcb-MOF
sheets stack in a staggered ABA fashion, where each axial water molecule is
situated between the hexagonal windows of neighboring layers (the hydrogen
atoms hydrogen bond to the free 3,5-PDC oxygen atoms of neighboring layers),
and alternate in opposite directions along the z axis. In addition, the 4,4’-Bipy
molecules are ditopic ligands that serve as pillars between the hcb-MOF sheets
by coordinating a Zn(II) at each end, but each Zn(II) is capped on the other axial
position, resulting in only hemi-pillaring (i.e. pillaring of only half the potential
metal sites). Disordered guest DMF molecules fill the void space between the
4,4’-Bipy molecules. The total potential solvent area volume was calculated as
1295.8 Å3 per unit cell volume (3476.5 Å3) or 37.3% upon removal of the guest
DMF molecules. The calculated total potential solvent area volume for the assynthesized 10 shows that the unit cell contains a calculated total potential
solvent area volume of 57.8 Å3 per unit cell volume (3476.5 Å3) or 1.7%. TGA
indicates four major weight changes around 30, 100, 200, and 430 °C. The first
loss of nearly 18% accounts for evaporation of excess solvent. The second loss
of nearly 18% accounts for the liberation of guest DMF molecules (calc. 18.29%).
The third loss of nearly 18% accounts for partial liberation of coordinated 4,4’-
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Bipy ligands. The final weight loss of ~28% primarily accounts for framework
decomposition.

a)

b)
Figure 2.10. a) The unit cell of 10, and b) the single-metal-ion-based MBB.
Carbon = gray, oxygen = red, nitrogen = blue, zinc = green; disordered guest
molecules and hydrogen atoms are omitted for clarity.

Compound 11 forms upon heating a solution of cobalt nitrate, 3,5-H2PDC,
and 4,4’-Bipy dissolved in DMF and EtOH. The compound was formulated as
Co(4,4’-Bipy)(formate)2 by single crystal x-ray diffraction analysis. A study of the
crystal structure of 11 reveals a neutral 3D MOF having jsm topology, but no 3,5PDC molecules are present. Each Co2+ of 11 is coordinated to the oxygen atoms
of four formate ligands (coming from the decomposition of the co-solvent DMF),
each in a monodentate fashion, in the equatorial positions. The octahedral
(MN2O4) coordination geometry of each cobalt is completed by the nitrogen
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atoms of two 4,4’-Bipy molecules in the axial positions. The formate and 4,4’-Bipy
molecules are ditopic ligands that serve as bridges between two Co2+ ions each.
Compound 12 forms upon heating a solution of nickel nitrate and 3,5H2PDC dissolved in DEF, EtOH, and Py. The compound was formulated as
Ni(3,5-PDC)(Py)2(H2O) by single crystal x-ray diffraction analysis (Figure 2.11a).
A study of the crystal structure of 12 reveals a neutral MOF with 2D sheets
having fes topology. Each 3,5-PDC molecule coordinates to three single-nickel
ions. Each Ni(II) of 12 is coordinated to the oxygen atoms of two carboxylates,
each in a monodentate fashion, of two independent 3,5-PDC ligands and the
nitrogen atom of a third 3,5-PDC ligand in equatorial positions (Figure 2.11b).
The octahedral (MN3O3) coordination geometry of each nickel is completed by
the oxygen atom of a terminal water molecule in the final equatorial position and
the nitrogen atoms of two terminal Py molecules in the axial positions, placing
them as interlamellar barriers between the fes-MOF sheets, resulting in
homogeneous monolayers between fes-MOF sheets. The fes-MOF sheets stack
in a cascading fashion. Each equatorial water molecule is situated between the
equatorial 3,5-PDC carboxylates (the hydrogen atoms hydrogen bond to the free
oxygen atoms). TGA indicates two major weight changes around 150 and 350
°C. The first loss of ~38% accounts for liberation of coordinated Py ligands (calc.
39.55%). The second loss of nearly 40% primarily accounts for framework
decomposition.
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a)

b)

Figure 2.11. a) The unit cell of 12, and b) the single-metal-ion-based MBB.
Carbon = gray, oxygen = red, nitrogen = blue, nickel = green; hydrogen atoms
are omitted for clarity.

Compound 13 forms after leaving a solution of copper nitrate and 3,5H2PDC dissolved in DEF, EtOH, and Py at room temperature for one day. The
compound was formulated as Cu(3,5-PDC)(Py)2·(EtOH)(H2O) by single crystal xray diffraction analysis (Figure 2.12a). A study of the crystal structure of 13
reveals a neutral MOF with 2D sheets having fes topology. Each 3,5-PDC
molecule coordinates to three single-copper ions. Each Cu2+ of 13 is coordinated
to the oxygen atoms of two carboxylates, each in a monodentate fashion, of two
independent 3,5-PDC ligands and the nitrogen atom of a third 3,5-PDC ligand in
equatorial positions (Figure 2.12b). The square pyramidal (MN3O2) coordination
geometry of each copper is completed by the nitrogen atoms of two terminal Py
molecules in the axial positions, placing them as interlamellar barriers between
the fes-MOF sheets, resulting in homogeneous monolayers between fes-MOF
sheets. The fes-MOF sheets stack in a cascading fashion. Two guest water
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molecules fill the void space near the octagonal windows, and EtOH molecules
fill the void space between water molecules along the a axis.

Figure 2.12. a) The unit cell of 13, and b) the single-metal-ion-based MBB.
Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms
are omitted for clarity.

Compound 14 forms upon heating a solution of nickel nitrate and 3,5H2PDC dissolved in DEF, EtOH, and Py. The compound was formulated as
Ni(3,5-PDC)(Pic)2(H2O)·(EtOH) by single crystal x-ray diffraction analysis (Figure
2.13a). A study of the crystal structure of 14 reveals a neutral MOF with 2D
sheets having fes topology. Each 3,5-PDC molecule coordinates to three singlenickel ions. Each Ni(II) of 14 is coordinated to the oxygen atoms of two
carboxylates, each in a monodentate fashion, of two independent 3,5-PDC
ligands and the nitrogen atom of a third 3,5-PDC ligand in equatorial positions
(Figure 2.13b). The octahedral (MN3O3) coordination geometry of each nickel is
completed by the oxygen atom of a terminal water molecule in the final equatorial
position and the nitrogen atoms of two terminal Pic molecules in the axial
positions, placing them as interlamellar barriers between the fes-MOF sheets,
resulting in homogeneous monolayers between fes-MOF sheets. The fes-MOF
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sheets stack in a cascading fashion, with guest EtOH molecules filling the void
space. Each equatorial water molecule is situated between the equatorial 3,5PDC carboxylates (the hydrogen atoms hydrogen bond to the free oxygen
atoms).

Figure 2.13. a) The unit cell of 14, and b) the single-metal-ion-based MBB.
Carbon = gray, oxygen = red, nitrogen = blue, nickel = green; hydrogen atoms
are omitted for clarity.

Compound 15 forms upon layering a solution of 4,4’-Bipy dissolved in DEF
on top of a solution of nickel nitrate and 3,5-H2PDC dissolved in DEF. The
compound was formulated as Ni(3,5-PDC)(4,4’-Bipy)(H2O) by single crystal x-ray
diffraction analysis (Figure 2.14a). A study of the crystal structure of 15 reveals a
neutral MOF with 2D sheets having fes topology along the ac plane and pillared
along the z axis, resulting in a 3D MOF. Each 3,5-PDC molecule coordinates to
three single-nickel ions. Each Ni(II) of 15 is coordinated to the oxygen atoms of
two carboxylates, each in a monodentate fashion, of two independent 3,5-PDC
ligands and the nitrogen atom of a third 3,5-PDC ligand in equatorial positions
(Figure 2.14b). The octahedral (MN3O3) coordination geometry of each nickel is
80

completed by the oxygen atom of a terminal water molecule in the final equatorial
position and the nitrogen atoms of two 4,4’-Bipy molecules in the axial positions.
The axially coordinated ligands fill the interlamellar space between the fes-MOF
sheets, resulting in homogeneous monolayers between fes-MOF sheets. The
fes-MOF sheets stack in a staggered ABAB fashion, where the ditopic 4,4’-Bipy
molecules serve as pillars between the fes-MOF sheets by coordinating a Ni(II)
at each end, resulting in an overall 3D MOF. The total potential solvent area
volume was calculated as 5559.0 Å3 per unit cell volume (10573.2 Å3) or 52.6%
upon removal of the guest molecules. The calculated total potential solvent area
volume for the as-synthesized 15 shows that the unit cell contains no residual
solvent accessible void.

Figure 2.14. a) The unit cell of 15, and b) the single-metal-ion-based MBB.
Carbon = gray, oxygen = red, nitrogen = blue, nickel = green; hydrogen atoms
are omitted for clarity.
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Discussion
Chiral MOFs have shown great promise in applications like non-linear
optics,105 asymmetric catalysis, and chiral separation;96c,181-183 however, these
applications typically require enantiopurity to be useful. Therefore, a logical
design strategy to obtain not only chiral frameworks, but specifically homochiral
MOFs181 would be of great scientific interest.
There are four basic approaches to construct homochiral MOFs.24,191 The
first approach is based on the assembly of achiral components into MOFs that
crystallize in chiral space groups or frameworks. The second and third
approaches utilize enantiopure co-ligands or enantiopure solvents/templates,
respectively, to direct homochiral crystallization of an intrinsically chiral MOF. The
final approach involves the utilization of pre-designed chiral multi-functional
ligands as bridging linkers. The method described in this chapter primarily
focuses on targeting chiral networks that typically crystallize in chiral space
groups, with some discussion on enantiopure solvents.
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Figure 2.15. Cartoon depicting the potential of H3BTC to act as a tritopic linker
(inset), and a graph indicating the topologies of 3D MOFs based on 3-connected
nodes as of October 2003.39 The most commonly occurring is the srs-MOF.
The default 3D topology for 3-connected frameworks, srs34 (representative
of the (10,3)-a38 Si net of SrSi2), is of particular interest to the would-be designer
because it is, by definition, the one expected to form most commonly (Figure
2.15),25,42 and is intrinsically chiral. MOFs based on 3-connected nodes can be
targeted and constructed in one of two manners: (a) organic or inorganic bridging
of tri-connected inorganic or organic MBBs; or (b) direct assembly of triconnected inorganic and organic MBBs.192 The first approach involves the use of
linear ditopic bridges (e.g. 4,4’-Bipy or ML2, where M = any metal or metal cluster
and L = a tritopic ligand) between tritopic nodes (e.g. 1,3,5-benzenedicarboxylate
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(BTC, Figure 2.15 inset) or ML3, where M = any metal or metal cluster and L = a
linear ditopic ligand), as represented in Figure 2.16a. In contrast, the second
approach utilizes a combination of both tritopic ligand and metal (e.g. BTC and
ML3, where M = any metal or metal cluster and L = a tritopic ligand), essentially a
binodal system, as represented in Figure 2.16b.

a)

b)

Figure 2.16. Cartoon depicting two approaches toward targeting 3-connected
networks: a) linear bridging (blue) of 3-connected nodes (red), and b) direct
bridging of two types of 3-connected nodes (red and blue).

These two approaches have previously permitted the synthesis of
predominantly charged and/or n-fold interpenetrated chiral srs-MOFs.193-195
Therefore, the element of design would be necessary to attain a neutral and noninterpenetrating srs-MOF. The design of MOMs having varied connectivities
through the utilization of hetero-functional ligands and hetero-coordinated singlemetal ions, has already been discussed,117-123 and a similar route has been used
to target and construct 3-connected srs-MOFs.192
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The hetero-functional ligand 3,5-pyridinedicarboxylic acid (3,5-H2PDC) is
of particular interest for obtaining a neutral, non-interpenetrating srs-MOF.
Specifically, this ligand possesses two potential carboxylic acid coordinating
sites, which can each be deprotonated, resulting in a divalent anion, and a third,
neutral aromatic nitrogen atom coordinating site (Figure 2.1). Overall, the doubly
deprotonated 3,5-PDC ligand will then act as a tritopic linker that eliminates the
need for charge balance by guest molecules when properly coordinated to
divalent metal cations.190 Given the proper 3-connected hetero-coordination
about the single-metal ion center, the 3,5-PDC ligand offers great potential for
obtaining the desired neutral 3-connected srs-MOF.
As known from principles of inorganic chemistry, there are numerous
common coordination geometries possible for single-metal ions (e.g. octahedral,
square pyramidal, trigonal bipyramidal, tetrahedral and square planar).196
Therefore, each coordination sphere with ≥3 sites can accommodate the desired
3-connectivity, leaving the remaining sites for coordination by monotopic
(terminal) ligands, e.g. Py with only one nitrogen atom or water with only one
oxygen atom for coordination to a single-metal ion. This results in an MNxOy
molecular building block (MBB), where M = any single-metal ion, x = number of
coordinated nitrogen atoms from 3,5-PDC and terminal ligands, and y =
coordinated carboxylates from 3,5-PDC and oxygen atoms from terminal ligands,
resulting in an MNO2 or MN(CO2)2 3-connected building unit (BU), as
demonstrated in Figure 2.17. Thus, the coordination of 3,5-PDC and divalent
single-metal ions in situ should yield 3-connected MOFs, most likely srs-MOFs.
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a)

b)
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c)

d)

e)

Figure 2.17. Derivation of the MNO2 3-connected BUs from a single-metal ion
with a coordination geometry of: a) trigonal bipyramidal – trigonal, T-shaped
(mer-like), and fac-like isomers, respectively; b) square pyramidal – fac-like and
T-shaped isomers, respectively; c) octahedral – fac and mer isomers,
respectively; d) tetrahedral – fac-like isomer; and e) square planar – T-shaped
isomers. Coordinating atoms of terminal ligands are represented in black
(capped or terminated positions), while nitrogen atoms are blue and oxygen
atoms are red for the hetero-functional 3,5-PDC bridging ligand.
Indeed, reaction between copper nitrate and 3,5-H2PDC under
solvothermal conditions results in the desired chiral MOF having srs topology,
Cu(3,5-PDC)(DMF)(Py), 2.192 To our knowledge, 2 is a rare example of a srsMOF that is neither charged nor interpenetrated (Figure 2.18c).193-195 The
framework is comprised of CuN2O3 MBBs, where the square pyramidal Cu2+
coordination geometry is completed by the two terminal ligands and the desired
three 3-connected 3,5-PDC ligands to give a ‘‘T’’-shaped 3-connected BU,
CuN(CO2)2, as shown in Figure 2.18a-b, which becomes trigonal in the resulting
topology generated through the points of extension (Figure 2.18d). The topology
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is the same as the expected srs net,34 named (10,3-a) by Wells,38 where each
vertex is 3-connected and the shortest circuit for each pair of links from the node
is a 10-member ring.

a)

b)

c)

d)
Figure 2.18. a) The single-metal-ion-based MBB, and b) the 3-connected BU of
c) 2, which can be simplified as having d) srs topology based on 3-connected
nodes (green). [a-c) Carbon = gray, oxygen = red, nitrogen = blue, copper =
green; hydrogen atoms and terminal ligands are omitted for clarity; d) ligand =
yellow, M = orange.]
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Removal of the terminal ligands exposes the srs-MOF, and a study of the
structure will reveal the would-be pores of a helical nature (i.e. inherently chiral).
In this crystal, all the helices are of the same handedness, indicating that it is
indeed homochiral. However, several crystals were obtained from the same
batch (one vial), and SCD analysis of some reveals a mixture homochiral MOFs,
possessing both left- and right-handed helices, resulting in a racemic or achiral
mixture of crystals.
As mentioned previously, another route toward homochiral MOFs is the
use of enantiopure co-ligands to direct the handedness of the framework.24,191
Though no chiral terminal co-ligands are present in 2, i.e. only DMF and Py are
present, chiral solvents could be used in the synthesis to attempt substitution of
the terminal DMF and/or Py, and subsequently direct the handedness of the
MOF helices. Nevertheless, the introduction of enantiopure solvents into the
reaction solution also led to mixtures of homochiral crystals in the same batch , in
the case of (R)-(-)-1,2-propanediol, or a simple copper pyridine nitrate salt, in the
case of (S)-(+)-1,2-propanediol.
Reaction between zinc acetate and 3,5-H2PDC under solvothermal
conditions also results in the desired chiral MOF having srs topology, Zn(3,5PDC)(DMA)·(EtOH), 3 (Figure 2.19c-d). Again, 3 is a rare example of a srs-MOF
that is neither charged nor interpenetrated.193-195 The framework is comprised of
ZnNO3 MBBs, where the tetrahedral Zn2+ coordination geometry is completed by
the terminal DMA ligand and the desired three 3-connected 3,5-PDC ligands to
give a 3-connected BU, ZnN(CO2)2, as shown in Figure 2.19a-b.
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a)

b)

c)

d)

e)
Figure 2.19. a) The single-metal-ion-based MBB, and b) the 3-connected BU of
c) 3, which can be simplified as having d) srs topology based on 3-connected
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nodes. e) The space-filling view of 3 to show the open channels. [a-c,e) Carbon =
gray, oxygen = red, nitrogen = blue, zinc = green; hydrogen atoms, terminal
ligands, and guest molecules are omitted for clarity; d) ligand = yellow, M =
orange.]

In the case of 3, each batch also contains homochiral crystals of mixed
handedness. However, a study of the crystal structure will reveal that the helical
pores of this srs-MOF are open (Figure 2.19d), and are filled by guest solvent
molecules. This suggests that the introduction of enantiopure solvents into the
reaction solution appears to be a viable route to target homochiral batches.
Indeed, the utilization of chiral alcohols, (R)-(-)- and (S)-(+)-1,2-propanediol and
(R)-(-)- and (S)-(+)-sec-butanol, in the reaction has yielded microcrystalline
products, but the crystals were too small for SCD analysis and degraded too
rapidly upon exposure to air for PXRD analysis.
Though the srs net is the default 3D topology for 3-connected nodes, there
are numerous other possibilities, 107 known 3D nets in total. Of these, 41 are
chiral networks (including interpenetrating and rod nets).34 Therefore, it is
reasonable to assume that the assembly of 3-connected MBBs can lead to other
less common chiral MOFs.
Indeed, reaction between copper nitrate and 3,5-H2PDC under modified
conditions results in a chiral MOF having eta topology, Cu(3,5-PDC)(Py)(H2O)2, 4
(Figure 2.20c-d). To our knowledge, 4 is only the second known example of an
eta-MOF.197 The framework is neither charged nor interpenetrated, and is
comprised of CuN2O4 MBBs, where the octahedral Cu2+ coordination geometry is
completed by the terminal Py ligands, the water ligands, and the desired three 391

connected 3,5-PDC ligands to give a 3-connected BU, CuN(CO2)2, as shown in
Figure 2.20a-b. The coordinated water molecules bridge the copper ions into
vertex-shared helical rods (Figure 2.21). The simplest linking of helices leads to
3-connected nets,198 and, for linking 3-fold helices, eta and etb are the only nets
with one kind of vertex. The eta net, named (8,3-a) by Wells,38 possesses helices
of only one hand, whereas etb, named (8,3-b) by Wells, possesses helices of
both hands. The (8,3) nets are based on 3-connected vertices where the shortest
circuit for each pair of links is an 8-member ring.

a)

b)
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c)

d)
Figure 2.20. a) The single-metal-ion-based MBB, and b) the 3-connected BU of
c) 4, which can be simplified as having d) eta topology based on 3-connected
nodes. [a-c) Carbon = gray, oxygen = red, nitrogen = blue, copper = green;
hydrogen atoms and terminal ligands are omitted for clarity; d) ligand = gray, M =
green.]

Further analysis of 4, reveals that the eta-MOF could be interpreted as
having an unknown (3,5)-connected network,34 if the 3,5-PDC ligands remain as
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3-connected nodes and the copper atoms are considered as 5-connected nodes,
the water ligands being linear bridges. The topology of this hetero-connected
network is unprecedented: vertex symbols (5.5.52)(5.5.5.5.5.5.82.8.8);
coordination sequences 3, 12, 26, 50, 79, 116, 157, 206, 266, 328 and 5, 14, 30,
54, 83, 120, 167, 212, 274, 340.

a)

b)

Figure 2.21. a) The coordinated water molecules bridge the copper ions, which
can be viewed as b) helical rods of vertex-shared square pyramidal copper ions.
Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms
and terminal ligands are omitted for clarity.

As mentioned previously, the srs net is the default 3D topology for 3connected nodes (Figure 2.22a), but there are numerous other possibilities. This
chapter has introduced discussed some 3D possibilities, but there occurrence of
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2D structures is also possible (11 2D nets in total).34 The default 2D topology for
3-connected frameworks, hcb (Wells’ (6,3)38 or honeycomb net) (Figure 2.22b). It
should be noted that the (6,3) net is based on 3-connected vertices where the
shortest circuit for each pair of links is an 6-member ring, and it exists in various
supramolecular isomeric forms, tiling patterns, depending on the shape of the 3connected node: T-shaped (angles of 180° and 90°) = brick wall and
herringbone, trigonal (angles of 120°) = honeycomb pattern.191 The hcb net is the
sole regular and sole edge transitive (a special class of n-connected nets with
one kind of edge) 2D net for 3-connected nodes,34 which indicates that its
construction in MOFs is expected.199-200 Therefore, it is logical that such a
structure could also be constructed from the assembly of 3,5-PDC and M2+,
MNO2, by controlling the coordination functionality and thus geometry of the
inorganic building units.

a)

b)

Figure 2.22. a) The srs net (green) is composed of uniform 10-member rings
(yellow), and b) the hcb net (green) is composed of uniform 6-member rings
(yellow).
95

Indeed, reaction between copper nitrate and 3,5-H2PDC in the presence
of excess Py results in a MOF, Cu(3,5-PDC)(Py)2 (5) (Figure 2.23c), with sheets
having the default 2D network topology for 3-connected nodes (Figure 2.23d).192
Py is a terminal co-ligand in 2, and its presence in excess directs variation of the
copper coordination sphere in situ, allowing the metal centers in 5 to contain two
Py ligands, an MN3O2 MBB where the terminal DMF of 2 is substituted by an
additional Py ligand, and thus permits the assembly of the default 2D hcb-MOF
from the modified CuN(CO2)2 BUs (Figure 2.23a-b).

a)

c)

b)

d)

Figure 2.23. a) The single-metal-ion-based MBB, and b) the 3-connected BU of
c) 5, which can be simplified as having d) hcb topology based on 3-connected
nodes. [a-c) Carbon = gray, oxygen = red, nitrogen = blue, copper = green;
hydrogen atoms and terminal ligands are omitted for clarity; d) ligand = yellow, M
= orange.]
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a)

b)

c)
Figure 2.24. a) The MOF sheets in 5 b) stack in a monolayer ABAB fashion,
where c) the hcb layers are staggered. Carbon = gray, oxygen = red, nitrogen =
blue, copper = green; hydrogen atoms are omitted for clarity.

The use of other metal salts has also led to the construction of 2D MOFs
having the hcb topology from MN(CO2)2 BUs. The second structure, Zn(3,5PDC)(DMF)(H2O)·(EtOH) (6), was constructed from Zn2+ MBBs, where the
coordination sphere of the trigonal bipyramidal Zn, ZnNO4, is completed by a
terminal DMF ligand and a terminal water ligand in the axial positions (Figure
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2.25a). This is in contrast to 5, where the nitrogen atoms of two Py molecules
occupy the axial positions, CuN3O2. The third structure, Co(3,5-PDC)(Py)(H2O)
(7), is constructed from Co2+ MBBs, where a Py ligand and a water ligand
terminate the axial positions of the trigonal bipyramidal Co, CoN2O4 (Figure
2.26a). Each structure is formed from a different MBB of varied heterocoordination, but all still result in the desired MN(CO2)2 3-connected BU (Figures
2.25b and 2.26b, respectively). The uniformity of the axial terminal ligands in 5
reuslts in a monolayered arrangement of 2D MOF sheets (Figure 2.24), whereas
the duality of axial terminal ligands in 6 and 7 results in bilayered arrangements
of the 2D MOF sheets (Figures 2.25b and 2.26b, respectively).

a)

b)

c)

d)

Figure 2.25. a) The single-metal-ion-based MBB, and b) the 3-connected BU of
c) 6, where d) the MOF sheets stack in a bilayer ABAB fashion. Carbon = gray,
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oxygen = red, nitrogen = blue, zinc = green; hydrogen atoms are omitted for
clarity.

a)

c)

b)

d)

Figure 2.26. a) The single-metal-ion-based MBB, and b) the 3-connected BU of
c) 7, where d) the MOF sheets stack in a bilayer ABAB fashion. Carbon = gray,
oxygen = red, nitrogen = blue, cobalt = green; hydrogen atoms are omitted for
clarity.

The arrangement of terminal ligands into the axial positions places them
as interlamellar barriers between adjacent 2D MOF sheets in 5-7. The modular
nature of MOFs, an advantage of these types of materials that typically allows for
the facile interchange of metal ions, bridging ligands, or terminal co-ligands
without affecting the overall topology/structure, suggests that the interlayer
distance(s) in 5-7 can be adjusted through substitution of the axial terminal co99

ligands with terminal co-ligands of assorted lengths, while maintaining framework
composition. For example, theoretically the terminal Py co-ligand could be
replaced by another ligand with a N-donor atom, such as NH3, Pic, or Isoq.
Likewise, functionality can be introduced into the MOFs, and such substitutions
could lead to unique properties among analogous MOFs.
As expected, reaction between copper nitrate and 3,5-H2PDC in the
presence of Isoq results in an hcb-MOF, Cu(3,5-PDC)(Isoq)2 (8), with ABAB
stacked 2D sheets similar to 5, where both axial positions of the trigonal
bipyramidal CuN3O2 MBB are occupied by the nitrogen atoms of two Isoq ligands
rather than two Py ligands. The interlayer distance is slightly increased (Figure
2.27a-b), as evidenced by the lengthened Cu…Cu distance between parallel
layers: 18.805 Å for 8 compared to 14.682 Å for 5. There is a distortion of the
carboxylates out of the plane of the 3,5-PDC core in 8; nevertheless, the overall
2D sheets are more planar compared to the undulating sheets in 5. In addition,
the trigonal bipyramidal MBB in 8 is distorted into a geometry that more closely
resembles that of square pyramidal, where the two coordinated carboxylates are
quasi-eclipsed rather than staggered. These distortions result in a MOF with the
same (6,3) topology, but the MOF more closely resembles the brick wall pattern
versus the honeycomb in 5 (Figure 2.27c-d).
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a)

c)

b)

d)

Figure 2.27. The MOF sheets in a) 5 and b) 8 both stack in a similar monolayer
ABAB fashion. c) The hcb sheets in 5 resemble the honeycomb pattern, whereas
d) the analogous sheets in 8 more closely resemble the brick wall pattern.
Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms
are omitted for clarity.

Likewise, the reaction between cobalt nitrate and 3,5-H2PDC in the
presence of Isoq yields an hcb-MOF, Co(3,5-PDC)(Isoq)(H2O) (9), with ABAB 2D
sheets similar to 7, where one axial position of the trigonal bipyramidal CoN2O3
MBB is occupied by the nitrogen atom of an Isoq ligand rather than a Py ligand;
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the other axial position remains occupied by a terminal water ligand (Figure
2.28a-b), which is likely stabilized by its participation in two-fold HOH…OOCR
hydrogen bonding with the neighboring layer (Figure 2.28c). The interlayer
distance is slightly increased, as evidenced by the lengthened Co…Co distance
between parallel layers: 13.071 Å for 9 compared to 10.865 Å for 7. The parallel
sheets are shifted slightly, so that the Co ions and 3,5-PDC nodes are no longer
directly in line.

a)

b)

c)
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Figure 2.28. The MOF sheets in a) 7 and b) 9 both stack in a similar ABAB
fashion, where the bilayers are maintained likely through c) the two-fold
RCOO…HOH hydrogen bonding (light blue) of neighboring layers; one MOF
layer is shown in yellow for clarity. Carbon = gray, oxygen = red, nitrogen = blue,
cobalt = green; hydrogen atoms are omitted for clarity (excepting the terminal
water ligand).

Though the MOF sheets in 5-9 are stack in a staggered fashion and
antiparallel to adjacent sheets, the lability of their axial position(s) suggests that
the introduction of a linear ditopic ligand, like 4,4’-Bipy, into the reaction solution
could serve to pillar48 the 2D MOFs in situ, a process where the pillars link 2D
MOF sheets into a singular 3D MOF by substituting pairs of terminal ligands on
neighboring sheets. The process of pillaring is of interest because the pillars can
easily be modulated to give analogous MOFs with a range of interlayer distances
or intrinsic functionalities, depending on the nature of the pillar molecule.200-202
Pillaring has previously been achieved with several 2D MOFs, including hcbMOFs,203 and has proven quite useful at generating rigid 3D MOFs with novel or
enhanced properties compared to the respective layered MOFs, including gas
storage,201 magnetism,204 and selective adsorption.200
Predictably, reaction between zinc nitrate and 3,5-H2PDC in the presence
of a pillar, in this case 4,4’-Bipy, has led to a pillared-layer MOF, Zn2(3,5PDC)2(4,4’-Bipy)(H2O)2·(DMF)2 (10) analogous to 6, where one axial position of
the trigonal bipyramidal ZnNO4 MBB is occupied by the nitrogen atom of a 4,4’Bipy ligand rather than a Py ligand (Figure 2.29a-b); the other axial position
remains occupied by a terminal water ligand, so the hcb-MOF is only hemipillared (Figure 2.29c-d). The interlayer distance is slightly increased, as
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evidenced by the lengthened distance between parallel layers: 14.698 Å for 10
compared to 11.075 Å for 6. Pillared pairs of adjacent sheets are shifted slightly
in 10 so that the Zn ions align and the 3,5-PDC nodes are situated in the
hexagonal windows of the neighboring antiparallel sheet; every other sheet is
aligned parallel, and the Zn ions and ligands alternately align with each other and
the hexagonal pores of the neighboring sheet. However, in 6 the 3,5-PDC ligands
of DMF neighboring sheets align antiparallel and the Zn ions are situated in the
hexagonal windows of the neighboring sheet; every other sheet is aligned
parallel and they are exact copies. That is, the sheets stack in ABAB fashion in 6,
while the sheets cascade in 10. Further analysis of 10, reveals that the hemipillared hcb-MOF could be interpreted as having a (3,4)-connected 2D bilayer
network, if the 3,5-PDC ligands remain as 3-connected nodes and the zinc ions
are considered as 4-connected nodes, with an unknown topology, (62.62.62)
(62.6.62.6.6.62).34 The fully pillared hcb-MOF would give a (3,5)-connected
network.
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a)

c)

b)

d)

Figure 2.29. The MOF sheets in a) 6 can be partially pillared by 4,4’-Bipy to give
b) 10. Both stack in a ABAB fashion as in c) and d), but every pair of layers in 6
is linked in 9. Carbon = gray, oxygen = red, nitrogen = blue, zinc = green;
hydrogen atoms are omitted for clarity.
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Attempts to pillar 7 with 4,4’-Bipy have not yielded the expected MOF, but
have resulted in the formation of a jsm-MOF, Co(4,4’-Bipy)(formate)2 (11), a 6connected network based on octahedral single-cobalt ions and linear/bent
organic linkers; no 3,5-PDC ligands are present. All attempts to pillar 5 with 4,4’Bipy, have consistently led to the formation of amorphous powders, and attempts
to use various other pillars (i.e. benzoquinone, 1,4-dioxane, pyrazine, 1,4diazabicyclo[2.2.2]octane, 1,2-bis(4-pyridyl)ethene (Bpe), 1,2-bis(4pyridyl)ethane (Bpa)) with 5-7 also have yielded no crystalline solids.
As stated earlier, the hcb net is the default 2D topology for 3-connected
nodes, but it is not the only possible 2D net. It was mentioned that this (6,3) net
can exist in various forms depending on the shape of the 3-connected node (i.e.
trigonal or T-shaped). Though the default 2D tiling pattern for trigonal nodes is
the honeycomb pattern, it is understood that T-shaped nodes can be alternately
arranged to favor additional 2D patterns that might be expected to occur in
MOFs, specifically long-and-short brick and basket weave.191 Neither of these
nets has the (6,3) topology, as the vertex symbol for the shortest circuits for each
pair of links of the 3-connected vertices is 4.8.8 or 4.82, one four- and two eightmember rings, which corresponds to the fes topology.34 Therefore, it is logical
that such a structure could also be constructed from the assembly of 3,5-PDC
and M2+, MNO2, if one of the nodes was to assume a quasi-T-shape (e.g. a mersubstituted octahedral metal ion).
As expected, reaction between nickel nitrate and 3,5-H2PDC in the
presence of Py results in a MOF, Ni(3,5-PDC)(Py)2(H2O) (12) (Figure 2.30c), with
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2D sheets having the fes network topology (Figure 2.30d). Ni2+ ions are known to
assume the preferred octahedral coordination geometry in situ, and this is true in
12, where the octahedral NiN3O3 MBB is formed by the desired meridionalpositioned 3,5-PDC ligands (MNO2 BU), and completed by the nitrogen atoms of
two terminal Py ligands in axial positions and a terminal water ligand in the final
equatorial position (Figure 2.30a-b). Though the NiNO2 BUs assume the desired
T-shape, the 3,5-PDC ligands still serve as trigonal nodes, resulting in an fesMOF, which are scarce,205-209 that resembles a hybrid between the long-andshort brick tiling pattern and the purely trigonal fes; here, the T-shaped and
trigonal nodes alternate.

a)

c)

b)

d)

Figure 2.30. a) The single-metal-ion-based MBB, and b) the 3-connected BU of
c) 12, which can be simplified as having d) fes topology based on 3-connected
nodes. [a-c) Carbon = gray, oxygen = red, nitrogen = blue, copper = green;
hydrogen atoms are omitted for clarity; d) ligand = yellow, M = orange.]
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Other coordination geometries can accommodate the 3-connected merlike substitution of octahedra, specifically square planar and square pyramidal,
resulting in T-shaped BUs. Indeed, reaction between copper nitrate and 3,5H2PDC in the presence of Py at room temperature results in a fes-MOF, Cu(3,5PDC)(Py)2·(EtOH)(H2O) (13), based on square pyramidal CuN3O2 MBBs that
provide the necessary CuNO2 3-connected BUs upon elimination of the axial
terminal Py ligands. The 3-connected network of 13 closely resembles the hybrid
fes net of 12 (Figure 2.31).

Figure 2.31. The 3-connected network (ligand and metal nodes in yellow and
orange, respectively) of 13 is analogous to the fes topology, and resembles the
net of 12.

Again, the arrangement of the terminal Py ligands into the axial positions
places them as interlamellar barriers between adjacent 2D MOF sheets in 12
(Figure 2.32a-b) and 13. Thus, modification of the interlamellar space should be
possible through terminal ligand substitution, while maintaining while maintaining
framework composition. As expected, the reaction between nickel nitrate and
3,5-H2PDC in the presence of Pic results in a fes-MOF, Ni(3,5108

PDC)(Pic)2(H2O)·(EtOH) (14), analogous to 12, where the axial positions of the
octahedral NiN3O3 MBB are occupied by the nitrogen atoms of two Pic ligands
rather than two Py ligands (Figure 2.32c-d). The interlayer distance is slightly
increased, as evidenced by the lengthened Ni…Ni distance between layers:
10.379 Å for 14 compared to 8.833 Å for 12.

a)

b)
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c)

d)

Figure 2.32. The MOF sheets in a) 12 and c) 14 both stack in a similar
monolayer ABAB fashion as shown in c) and d), respectively. Carbon = gray,
oxygen = red, nitrogen = blue, copper = green; hydrogen atoms are omitted for
clarity.
Though the pillaring of a fes-MOF has not yet been observed,210 it is
perceivable that the process can be achieved in a similar manner as described
for the pillaring of 6, since the terminal axial ligands appear to be similarly quite
labile, as evidenced by their substitution in 14. As predicted, reaction between
nickel nitrate and 3,5-H2PDC in the presence of 4,4’-Bipy has led to a pillaredlayer MOF, Ni(3,5-PDC)(4,4’-Bipy)(H2O) (15) analogous to 12, where the axial
positions of the octahedral NiN3O3 MBB are occupied by the nitrogen atoms of
two 4,4’-Bipy ligands rather than two Py ligands (Figure 2.33a), so the fes-MOF
is completely pillared, 3D. The interlayer distance is slightly increased, as
evidenced by the lengthened distance between parallel layers: ~11.318 Å for 15
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compared to 8.833 Å for 12. Pillared pairs of adjacent sheets are shifted slightly
in 15 so that the Ni ions align, resulting in ABAB packing of layers where the fourmember rings are situated diagonally across the longest side of the eightmember rings of the neighboring sheets and vice versa (Figure 2.33b).
a)

b)

Figure 2.33. a)The MOF sheets in 12 can be completely pillared by 4,4’-Bipy to
give 15. Carbon = gray, oxygen = red, nitrogen = blue, nickel = green; hydrogen
atoms are omitted for clarity. b) Even though the fes sheets stack in a staggered
fashion (top-right), the metals of neighboring sheets still align and pillaring is
possible (bottom-right); one sheet is shown in red for clarity, ligand = blue, M =
green.

Further analysis of 15, reveals that the pillared fes-MOF could be
interpreted as having an unknown (3,5)-connected network, if the 3,5-PDC
ligands remain as 3-connected nodes and the nickel ions are considered as 5connected nodes (Figure 2.34). The topology of this hetero-connected network is
unprecedented: vertex symbols (4.62.62)( 4.6.6.6.62.6.62.83.8.84); coordination
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sequences 3, 11, 28, 47, 75, 106, 145, 189, 229, 275 and 5, 13, 28, 49, 75, 108,
145, 185, 230, 272.34

a)

b)

Figure 2.34. The network of 15 can be simplified as 3- and 5-connected nodes
(red and green, respectively) to give a novel topology. The polyhedral
representation is shown here a) perpendicular and b) parallel to the would-be
sheets.

Conclusion
The hetero-coordination of single-metal ions, of many coordination
geometries, by hetero-functional ligands, like 3,5-PDC, is a viable strategy for the
design and synthesis of targeting MOMs. The use of the single-metal-ion MBB
approach, where the MBBs can be simplified as 3-connected BUs, can be
utilized to target the default srs and hcb networks through co-ligand directed
synthesis. This design strategy has proven effective for the assembly of 3D
neutral, non-interpenetrated, chiral (10,3)-a frameworks. Attempts to synthesize
an open homochiral MOF have yet to be realized for 3,5-PDC, but such a
framework offers myriad opportunities for asymmetric catalysis and chiral
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separation. As these frameworks are designed and deliberately created, new
applications are emerging.
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Chapter 3:
MOF Diversity via Ligand Modification: Isomerism, Expansion, and
Functionalization

Introduction
Metal-organic frameworks are periodic arrays of inorganic and organic
components constructed using metal-ligand directed assembly, which allows for
the tunability of either or both constituents. This modular nature of MOFs makes
them ideal materials for studies on the effects of simple structural modifications.25
Of particular interest are ligand modifications, since organic chemistry offers
myriad ligands, modifications, and pathways to synthesize them, which may help
promote the assembly of more stable and/or open frameworks. This chapter will
primarily focus on the effects of ligand modifications on the overall MOF
structure. Specifically, ligand isomerism, expansion, and functionalization will be
discussed, especially toward the design and synthesis of isoreticular srs-MOFs.

Experimental Section
Materials and Methods
All materials and methods are described in Chapter 1, unless otherwise
noted. Static and dynamic magnetic susceptibility and magnetization loop
114

measurements were performed by the Hariharan group in the Physics
Department at USF using Physical Property Measurement System (PPMS) by
Quantum Design on dried crystals filled in gelatin capsules. Steady state
fluorescence spectra were obtained by R. Larsen in the Chemistry Department at
USF using an ISS PC1 photon counting spectrofluorimeter. The samples were
mounted on glass cover slips and emission spectra were obtained in a front-face
configuration. Emission lifetimes were obtained via excitation from a frequency
tripled Continuum Leopard II Nd:YAG laser (<20 ps, 80 mJ/pulse, 355 nm).
Integrated emission was obtained through a 400 nm long pass filter and detected
using a SPOT 500ps rise-time Si photodiode coupled to the 50 ohm input of a
Tektronix RTD7400 4 GHz DPSO.

Synthesis and Characterization
Synthesis of [Zn2(3,4-PDC)2(DMF)2(Py)]n (16). Zn(NO3)2·6H2O (11.9 mg,
0.04 mmol) and 3,4-H2PDC (6.7 mg, 0.04 mmol) were added to a 2 mL solution
of DMF (1.5 mL), EtOH (0.5 mL), and Py (0.125 mL) in a 20 mL scintillation vial,
heated at a constant rate 1.5°C/min to 85°C for 12 h, then cooled at a constant
rate 1°C/min to room temperature. The as-synthesized colorless rod crystals are
insoluble in water and common organic solvents.
SCD Analysis of 16. Zn2C25H25N5O10: M = 686.24, orthorhombic, Pbca, a
= 14.040(3) Å, b = 14.345(3) Å, c = 27.756(5) Å, α = 90°, β = 90°, γ = 90°, V =
5590.4(19) Å3, Z = 8, Dc = 1.631 Mg m-3, µ = 1.781 mm-1, 16048 [(R(int) =
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0.1451] reflections of which 2917 assumed as observed (I > 2σ(I)). Final R1 =
0.0707, wR2 = 0.1738 (I > 2σ(I)).

Synthesis of [Cu(3,4-PDC)(DMF)]n (17). Cu(NO3)2·2.5H2O (18.6 mg,
0.08 mmol) and 3,4-pyridinedicarboxylic acid (3,4-H2PDC) (6.7 mg, 0.04 mmol)
were added to a 2 mL solution of DMF (1.2 mL) and EtOH (0.8 mL) in a 20 mL
scintillation vial, heated at a constant rate 1.5°C/min to 85°C for 12 h, then cooled
at a constant rate 1°C/min to room temperature. The as-synthesized green-blue
rod crystals were collected and air-dried and are insoluble in water and common
organic solvents.
SCD Analysis of 17. CuC10H10N2O5: M = 301.74, monoclinic, P21/c, a =
7.3361(10) Å, b = 10.7496(15) Å, c = 14.028(2) Å, α = 90°, β = 90.778(3)°, γ =
90°, V = 1106.1(3) Å3, Z = 4, Dc = 1.812 Mg m-3, µ = 1.990 mm-1, 4813 [(R(int) =
0.0419] reflections of which 2482 assumed as observed (I > 2σ(I)). Final R1 =
0.0508, wR2 = 0.1074 (I > 2σ(I)).

Synthesis of [Mn2(3,4-PDC)2(DMF)2]n (18). MnCl2 (5.0 mg, 0.04 mmol)
and 3,4-H2PDC (6.7 mg, 0.04 mmol) were added to a 1 mL solution of DMF (0.75
mL) and EtOH (0.25 mL) in a 20 mL scintillation vial, heated at a constant rate
1.5°C/min to 85°C for 12 h, then cooled at a constant rate 1°C/min to room
temperature. The as-synthesized colorless plate crystals are insoluble in water
and common organic solvents.
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SCD Analysis of 18. Mn2C20H20N4O10: M = 586.28, monoclinic, P2(1)/n, a
= 7.628(4) Å, b = 10.182(5) Å, c = 14.958(6) Å, α = 90°, β = 104.604(9)°, γ = 90°,
V = 1124.2(8) Å3, Z = 2, Dc = 1.732 Mg m-3, µ = 1.189 mm-1, 2553 [(R(int) =
0.0810] reflections of which 1627 assumed as observed (I > 2σ(I)). Final R1 =
0.0767, wR2 = 0.1761 (I > 2σ(I)).

Synthesis of [Cu(PMOI)]n (19). 5-(4-pyridinylmethoxy)-isophthalic acid
(H2PMOI): DMPMOI was synthesized according to a published procedure,211 and
then saponified; an aqueous solution of NaOH added to DMPMOI in methanol
(MeOH) and stirred overnight at 50°C, placed on ice and conc. HCl added to pH
2, and the precipitate was filtered, dried, and confirmed as H2PMOI by NMR
(Appendix B). H2PMOI (10.9 mg, 0.04 mmol) and Cu(NO3)2·2.5H2O (9.3 mg, 0.04
mmol) were added to a 2 mL solution of DMF (1.5 mL) and EtOH (0.5 mL) in a 20
mL scintillation vial, heated at a constant rate 1.5°C/min to 85°C for 12 h, then
cooled at a constant rate 1°C/min to room temperature. The as-synthesized bluegreen hexagonal crystals are insoluble in water and common organic solvents.
SCD Analysis of 19. CuC14H9NO5: M = 345.38, hexagonal, R-3, a =
19.132(4) Å, b = 19.132(4) Å, c = 37.505(15) Å, α = 90°, β = 90°, γ = 120°, V =
11888(6) Å3, Z = 18, Dc = 1.270 Mg m-3, µ = 0.742 mm-1, 16421 [(R(int) = 0.1864]
reflections of which 1778 assumed as observed (I > 2σ(I)). Final R1 = 0.0796,
wR2 = 0.2232 (I > 2σ(I)).
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Synthesis of [Cu(PMOI)]n (20). Cu(NO3)2·2.5H2O (9.3 mg, 0.04 mmol)
and H2PMOI (10.9 mg, 0.04 mmol) were added to a 2 mL solution of DMF (1.5
mL) and EtOH (0.5 mL) in a 20 mL scintillation vial, heated at a constant rate
1.5°C/min to 85°C for 12 h, then cooled at a constant rate 1°C/min to room
temperature. The as-synthesized blue-green hexagonal crystals are insoluble in
water and common organic solvents.
SCD Analysis of 20. CuC15.80H9NO9.40: M = 426.78, orthorhombic, Pbcn,
a = 12.8812 Å, b = 14.0682 Å, c = 25.5733 Å, α = 90°, β = 90°, γ = 90°, V =
4675(4) Å3, Z = 8, Dc = 1.213 Mg m-3, µ = 0.974 mm-1, 10026 [(R(int) = 0.1299]
reflections of which 3997 assumed as observed (I > 2σ(I)). Final R1 = 0.1301,
wR2 = 0.2779 (I > 2σ(I)).

Synthesis of [Cu(PMOI)(Py)2(H2O)·(H2O)]n (21). Cu(NO3)2·2.5H2O (9.3
mg, 0.04 mmol) and H2PMOI (10.9 mg, 0.04 mmol) were added to a 1 mL
solution of DMA (1.5 mL) and Py (0.2 mL) in a 4 mL scintillation vial, and MeOH
(0.5 mL) was layered on top. After ~two weeks, crystals formed at room
temperature. The as-synthesized blue parallelogram plates are insoluble in water
and common organic solvents.
SCD Analysis of 21. CuC21H12N2O7: M = 473.4, triclinic, P-1, a =
10.761(2) Å, b = 13.396(3) Å, c = 15.310(3) Å, α = 98.40(3)°, β = 92.74(3)°, γ =
93.96(3)°, V = 2174.5(8) Å3, Z = 4, Dc = 1.446 Mg m-3, µ = 1.050 mm-1, 3738
[(R(int) = 0.0757] reflections of which 3075 assumed as observed (I > 2σ(I)).
Final R1 = 0.1185, wR2 = 0.2715 (I > 2σ(I)).
118

Synthesis of [Zn(PMOI)2(DMA)2·(DMA)(H2O)5]n (22). Zn(NO3)2·6H2O
(11.9 mg, 0.04 mmol) and H2PMOI (10.9 mg, 0.04 mmol) were added to a 2 mL
of DMA in a 20 mL scintillation vial, heated at a constant rate 1.5°C/min to 85°C
for 12 h, then cooled at a constant rate 1°C/min to room temperature. The assynthesized colorless plate crystals are insoluble in water and common organic
solvents.
SCD Analysis of 22. Zn2C20H27.5N2.5O9: M = 512.32, triclinic, P-1, a =
9.597(3) Å, b = 11.094(4) Å, c = 12.755(4) Å, α = 67.004(5)°, β = 72.111(5)°, γ =
68.970(5)°, V = 1144.6(7) Å3, Z = 2, Dc = 1.487 Mg m-3, µ = 1.127 mm-1, 6585
[(R(int) = 0.2349] reflections of which 4559 assumed as observed (I > 2σ(I)).
Final R1 = 0.0959, wR2 = 0.1989 (I > 2σ(I)).

Synthesis of [Ni(PMOI)(Py)2(H2O)·(DMF)(EtOH)]n (23). Ni(NO3)2·6H2O
(11.9 mg, 0.01 mmol) and H2PMOI (10.9 mg, 0.01 mmol) were added to a
solution of DMF (1 mL), EtOH (1 mL), and Py (0.1 mL) in a 20 mL scintillation
vial, heated at a constant rate 1.5°C/min to 85°C for 12 h, then cooled at a
constant rate 1°C/min to room temperature, heated at a constant rate 1.5°C/min
to 85°C for 23 h, then cooled at a constant rate 1°C/min to room temperature.
The as-synthesized light green plate crystals are insoluble in water and common
organic solvents.
SCD Analysis of 23. NiC29H24N4O9: M = 636.06, monoclinic, P21/n, a =
8.7777(18) Å, b = 23.817(5) Å, c = 16.740(3) Å, α = 90°, β = 92.717(4)°, γ = 90°,
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V = 3495.7(12) Å3, Z = 4, Dc = 1.209 Mg m-3, µ = 0.675 mm-1, 12468 [(R(int) =
0.0729] reflections of which 7248 assumed as observed (I > 2σ(I)). Final R1 =
0.1492, wR2 = 0.3696 (I > 2σ(I)).

Synthesis of [Zn(DMPDC)(DMA)·(DMA)]n (24). Zn(OAc)2·2H2O (8.8 mg,
0.04 mmol) and 2,6-dimethyl-3,5-pyridinedicarboxylic acid (H2DMPDC 6.7 mg,
0.04 mmol) were added to a 2 mL solution of DMA (1 mL) and EtOH (1 mL) in a
20 mL scintillation vial, heated at a constant rate 1.5°C/min to 85°C for 12 h, then
cooled at a constant rate 1°C/min to room temperature, heated at a constant rate
1.5°C/min to 105°C for 23 h, then cooled at a constant rate 1°C/min to room
temperature, heated at a constant rate 1.5°C/min to 115°C for 23 h, then cooled
at a constant rate 1°C/min to room temperature. The as-synthesized colorless
plate crystals are insoluble in water and common organic solvents.
SCD Analysis of 24. ZnC17H25N3O6: M = 432.77, monoclinic, P21/c, a =
12.0154 Å, b = 10.4503 Å, c = 15.1970 Å, α = 90°, β = 91.946°, γ = 90°, V =
1907.1(8) Å3, Z = 4, Dc = 1.507 Mg m-3, µ = 1.327 mm-1, 9712 [(R(int) = 0.0742]
reflections of which 3547 assumed as observed (I > 2σ(I)). Final R1 = 0.0650,
wR2 = 0.1440 (I > 2σ(I)).

Synthesis of [Zn(DMPDC)(4,4’-Bipy)·(DMA)(H2O)]n (25). Zn(OAc)2·2H2O
(8.8 mg, 0.04 mmol) and H2DMPDC (6.7 mg, 0.04 mmol) were added to a 2 mL
solution of DMA (1 mL) and EtOH (1 mL) in a 20 mL scintillation vial, heated at a
constant rate 1.5°C/min to 85°C for 12 h, then cooled at a constant rate 1°C/min
120

to room temperature, heated at a constant rate 1.5°C/min to 105°C for 23 h, then
cooled at a constant rate 1°C/min to room temperature, heated at a constant rate
1.5°C/min to 115°C for 23 h, then cooled at a constant rate 1°C/min to room
temperature. The as-synthesized colorless plate crystals are insoluble in water
and common organic solvents.
SCD Analysis of 25. ZnC24H27N4O6: M = 532.87, monoclinic, P21/c, a =
11.3434 Å, b = 24.1362 Å, c = 9.3513 Å, α = 90°, β = 100.591°, γ = 90°, V =
2487.5(18) Å3, Z = 4, Dc = 1.423 Mg m-3, µ = 1.033 mm-1, 8139 [(R(int) = 0.0461]
reflections of which 4271 assumed as observed (I > 2σ(I)). Final R1 = 0.0475,
wR2 = 0.1009 (I > 2σ(I)).

Synthesis of [Cu(3,5-PDCO)(DMF)(Py)·(DMF)(H2O)]n (26). 3,5Pyridinedicarboxylic acid N-oxide (3,5-H2PDCO) was synthesized according to a
published procedure from 3,5-PDC.212 Cu(NO3)2·2.5H2O (9.3 mg, 0.04 mmol)
and 3,5-H2PDCO (8.3 mg, 0.04 mmol) were added to a 2 mL solution of DMF (1
mL), EtOH (1 mL), and Py (0.1 mL) in a 20 mL scintillation vial, heated at a
constant rate 1.5°C/min to 85°C for 12 h, then cooled at a constant rate 1°C/min
to room temperature, heated at a constant rate 1.5°C/min to 105°C for 23 h, and
then cooled at a constant rate 1°C/min to room temperature. The as-synthesized
blue plate crystals are insoluble in water and common organic solvents.
SCD Analysis of 26. Cu4C77.20H46N14.80O28.10: M = 1884.65, triclinic, P-1, a
= 8.6530(25) Å, b = 21.6422(59) Å, c = 24.1503(66) Å, α = 84.812(7)°, β =
81.941(7)°, γ = 82.000(7)°, V = 4423(2) Å3, Z = 2, Dc = 1.415 Mg m-3, µ = 1.033
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mm-1, 19481 [(R(int) = 0.0745] reflections of which 12619 assumed as observed
(I > 2σ(I)). Final R1 = 0.1228, wR2 = 0.2904 (I > 2σ(I)).

Results
3,4-Pyridinedicarboxylate (3,4-PDC)
Compound 16 forms upon heating a solution of zinc nitrate and 3,4H2PDC dissolved in DMF, EtOH, and Py. The compound was formulated as
Zn2(3,4-PDC)2(DMF)2(Py) by single crystal x-ray diffraction analysis (Figure
3.1a). A study of the crystal structure of 16 reveals a neutral 3D MOF having a
complex topology. Each 3,4-PDC molecule coordinates to three single-zinc ions.
There are two crystallographically indepedent Zn(II) atoms. The first Zn(II) is
tetrahedral (MN2O2), coordinated to the oxygen atoms of two carboxylates, each
in a monodentate fashion, of two independent 3,4-PDC ligands (the 3-position of
one and 4-position of the other) and two nitrogen atoms of two more 3,4-PDC
ligands (Figure 3.1b). The second Zn(II) atom is trigonal bipyramidal (MNO4),
coordinated to the oxygen atoms of two carboxylates, each in a monodentate
fashion, of two independent 3,4-PDC ligands (the alternate 3- and 4-positions
with respect to the first Zn(II) atom) and the nitrogen atom of a terminal Py
molecule in equatorial positions and the oxygen atoms of two terminal DMF
molecules in the axial positions (Figure 3.1c). The coordinated terminal ligands
fill the extra-framework void space, preventing interpenetration. The calculated
total potential solvent area volume for the as-synthesized 16 shows that the unit
cell contains a total potential solvent area volume of 127.4.0 Å3 per unit cell
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volume (5590.2 Å3) or 2.3%. TGA indicates a major weight loss of nearly 80%
starting around 210 °C, which accounts for the liberation of coordinated terminal
solvent molecules and framework decomposition.

a)

b)

c)

Figure 3.1. a) The unit cell of 16, and b) the single-metal-ion-based MBBs.
Carbon = gray, oxygen = red, nitrogen = blue, zinc = green; hydrogen atoms are
omitted for clarity.

Compound 17 forms upon heating a solution of copper nitrate and 3,4H2PDC dissolved in DMF and EtOH. The compound was formulated as Cu(3,4PDC)(DMF) by single crystal x-ray diffraction analysis (Figure 3.2a). A study of
the crystal structure of 17 reveals a neutral 3D MOF having sra topology. Each
3,4-PDC molecule coordinates to four single-copper ions; two through the 3123

position carboxylate in a bis-monodentate fashion, one through the 4-position
carboxylate in a monodentate fashion, and one through the nitrogen atom. Each
Cu(II) of 17 is coordinated to the oxygen atoms of three carboxylates, each in a
monodentate fashion, of three independent 3,4-PDC ligands in equatorial
positions (Figure 3.2b). The trigonal bipyramidal (MNO4) coordination geometry
of each copper is completed by the nitrogen atom of a fourth 3,4-PDC molecule
and the oxygen atom of a terminal DMF molecule in the axial positions. The 3position carboxylates and nitrogen atoms bridge the Cu(II) atoms into ladder-like
chains. The coordinated terminal DMF ligands orient to the interior of the wouldbe channels (~7.1 x 7.4 Å) running along the a-axis, filling the void space. The
total potential solvent area volume was calculated as 468.7 Å3 per unit cell
volume (1106.1 Å3) or 42.4% upon removal of the terminal DMF molecules. The
calculated total potential solvent area volume for the as-synthesized 17 shows
that the unit cell contains no residual solvent accessible void. TGA indicates a
major weight loss of nearly 60% starting around 205 °C, which accounts for the
liberation of coordinated terminal DMF molecules and framework decomposition.
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a)

b)

Figure 3.2. a) The unit cell of 17, and b) the single-metal-ion-based MBB.
Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms
are omitted for clarity.

Compound 18 forms upon heating a solution of manganese nitrate and
3,4-H2PDC dissolved in DMF and EtOH. The compound was formulated as
Mn2(3,4-PDC)2(DMF)2 by single crystal x-ray diffraction analysis (Figure 3.3a). A
study of the crystal structure of 18 reveals a neutral 3D MOF having sra topology.
Each 3,4-PDC molecule coordinates to four single-manganese ions; one through
the 3-position carboxylate in a monodentate fashion, one through the 4-position
carboxylate in a monodentate fashion, one chelated between the 3- and 4position carboxylates, and one through the nitrogen atom. Each Mn(II) of 18 is
chelated by the oxygen atoms of two carboxylates of one independent 3,4-PDC,
and coordinated by cis oxygen atoms of two carboxylates (3- and 4-position,
respectively) of two independent 3,4-PDC molecules, each in a monodentate
fashion (Figure 3.3b). The octahedral (MNO5) coordination geometry of each
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manganese is completed the nitrogen atom of a fourth 3,4-PDC molecule and the
oxygen atom of a terminal DMF molecule. The carboxylates bridge the Mn(II)
atoms into ladder-like chains. The coordinated terminal DMF ligands orient to the
interior of the would-be channels (~9.7 x 8.0 Å) running along the a-axis, filling
the void space. The total potential solvent area volume was calculated as 454.5
Å3 per unit cell volume (1124.2 Å3) or 40.4% upon removal of the terminal DMF
molecules. The calculated total potential solvent area volume for the assynthesized 18 shows that the unit cell contains no residual solvent accessible
void. TGA indicates a major weight loss of nearly 57% starting around 310 °C,
which accounts for the liberation of coordinated terminal DMF molecules and
framework decomposition.

a)

b)

Figure 3.3. a) The unit cell of 18, and b) the single-metal-ion-based MBB.
Carbon = gray, oxygen = red, nitrogen = blue, manganese = green; hydrogen
atoms are omitted for clarity.
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5-(4-Pyridinylmethoxy)-isophthalate (PMOI)
Compound 19 forms upon heating a solution of copper sulfate and
H2PMOI dissolved in DEF and EtOH. The compound was formulated as
Cu(PMOI)2·(EtOH)(H2O) by single crystal x-ray diffraction analysis (Figure 3.4a).
A study of the crystal structure of 19 reveals a neutral 3D MOF having a novel
topology, resulting from a trigonal pillared kgm (Kagomé lattice) topology. Each
PMOI molecule coordinates to five copper ions; one through the nitrogen atom
and four through the carboxylates (two through each carboxylate in bismonodentate fashion). Each square pyramidal Cu(II) of 19 (MNO4) is coordinated
by the oxygen atoms of four carboxylates of four independent PMOI ligands in
the equatorial positions and the nitrogen atom of a fifth PMOI ligand in the axial
position; no terminal ligands are present. Four carboxylates bridge pairs of Cu(II)
atoms into dinuclear paddlewheel clusters where the axial positions are filled by
the pyridyl moiety of the ligand (saturated M2(O2CR)4N2) (Figure 3.4b). The
disordered guest solvent molecules are located in the cavities generated by the
hexagonal windows (~12.6 Å) of one 2D sheet between the trigonal windows
(~7.1 Å) of neighboring sheets (ABCA stacking), resulting in hourglass-shaped
channels (~7.1 Å to 12.6 Å to 7.1 Å diameters) running along the c-axis, as well
as 12.3 Å x 8.0 Å intersecting channels. The total potential solvent area volume
was calculated as 6969.1 Å3 per unit cell volume (11888.4 Å3) or 58.6% upon
removal of the guest solvent molecules. The calculated total potential solvent
area volume for the as-synthesized 19 shows that the unit cell contains a solvent
accessible void of 4820.2 Å3 per unit cell volume (11888.4 Å3) or 40.5%. TGA
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indicates two major weight changes around 30 and 250 °C. The first loss of
nearly 20% accounts for the liberation of guest solvent molecules. The second
major weight loss of ~40% primarily accounts for the framework decomposition.

a)

b)

Figure 3.4. a) The unit cell of 19, and b) the PMOI ligand MBB is surrounded by
three Cu2(O2CR)4N2 MBBs. Carbon = gray, oxygen = red, nitrogen = blue,
manganese = green; hydrogen atoms are omitted for clarity.

Compound 20 forms upon heating a solution of copper nitrate and
H2PMOI dissolved in H2O and EtOH. The compound was formulated as
Cu(PMOI) by single crystal x-ray diffraction analysis (Figure 3.5a). A study of the
crystal structure of 20 reveals a neutral 3D MOF having an apo topology,
resulting from the trigonal pillaring of sql (square lattice) topology. Each PMOI
molecule coordinates to five copper ions; one through the nitrogen atom and four
through the carboxylates (two through each carboxylate in bis-monodentate
fashion). Each square pyramidal Cu(II) of 20 (MNO4) is coordinated by the
oxygen atoms of four carboxylates of four independent PMOI ligands in the
equatorial positions and the nitrogen atom of a fifth PMOI ligand in the axial
position; no terminal ligands are present. The carboxylates bridge the Cu(II)
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atoms into dinuclear paddlewheel clusters (M2(O2CR)) (Figure 3.5b). The square
windows (~8.4 Å x 9.8 Å) of each 2D sheet are staggered between neighboring
sheets, resulting in zig-zag channels (~6.8 Å x 6.8 Å) running along the c-axis.

a)

b)

Figure 3.5. a) The unit cell of 20, which is composed of b) the same MBBs as in
19. Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen
atoms are omitted for clarity.

Compound 21 forms upon layering a MeOH solution on top of a solution of
copper nitrate and H2PMOI dissolved in DMA and Py. The compound was
formulated as Cu(PMOI)(Py)2(MeOH)·(H2O)(MeOH) by single crystal x-ray
diffraction analysis (Figure 3.6a). A study of the crystal structure of 21 reveals a
neutral MOF with 2D sheets having a complex topology. Each PMOI molecule
coordinates to three single-copper ions. There are two indepedent Cu(II) atoms.
The first Cu(II) is square pyramidal (MN2O3), coordinated to the oxygen atoms of
two carboxylates, each in a monodentate fashion, of two independent PMOI
ligands and two nitrogen atoms of two more PMOI ligands in the equatorial
positions, and the oxygen atom of a terminal MeOH molecule in the axial position
(Figure 3.6b). The second Cu(II) atom is square pyramidal (MN2O3), coordinated
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to the oxygen atoms of two carboxylates, each in a monodentate fashion, of two
independent PMOI ligands and two nitrogen atoms of two terminal Py molecules
in the equatorial positions, and the oxygen atom of a terminal MeOH molecule in
the axial position (Figure 3.6c). The coordinated terminal ligands orient into the
two types of would-be channels (~6.0 Å x 11.8 Å and 5.3 Å x 12.2 Å,
respectively) formed along the a-axis, as well as guest water and EtOH
molecules that fill the extra-framework void space. The 2D MOF sheets are
undulated, separated by π-π stacking interactions (~3.6 Å) between the benzene
moieties of PMOI ligands of neighboring layers. The total potential solvent area
volume was calculated as 437.0 Å3 per unit cell volume (2174.5 Å3) or 20.1%
upon removal of the guest MeOH and water molecules. The calculated total
potential solvent area volume for the as-synthesized 21 shows that the unit cell
contains a solvent accessible void of 92.9 Å3 per unit cell volume (2174.5 Å3) or
4.3%.

a)
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b)
Figure 3.6. a) The unit cell of 21, and b) the single-metal-ion-based MBBs.
Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms
are omitted for clarity.

Compound 22 forms upon heating a solution of zinc nitrate and H2PMOI
dissolved in DMA. The compound was formulated as Zn(PMOI)·(DMA)1.5(H2O)2.5
by single crystal x-ray diffraction analysis (Figure 3.7a). A study of the crystal
structure of 22 reveals a neutral MOF with 2D sheets having hcb topology. Each
PMOI molecule coordinates to three single-zinc ions. Each Zn(II) of 22 is
coordinated to the oxygen atoms of two carboxylates, each in a monodentate
fashion, of two independent PMOI ligands and the nitrogen atom of a third PMOI
ligand (Figure 3.7b). The tetrahedral (MNO4) coordination geometry of each zinc
is completed by the oxygen atom of a terminal water molecule in a pseudo-axial
position, resulting from the quasi-planarity of the PMOI coordination. The axially
coordinated terminal water molecules and the guest DMA molecules fill the
interlamellar space between the hcb-MOF sheets in an alternating fashion,
resulting in homogeneous bilayers between hcb-MOF sheets. The hcb-MOF
sheets stack in a staggered ABAB fashion, where each axial water molecule is
situated between the hexagonal windows (~8.2 Å x 8.8 Å) of neighboring
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antiparallel sheets (HOH’…OOC hydrogen bonding between coordinated water
and one free PMOI oxygen atom of neighboring layers and RCO…HOH’
hydrogen bonding between the coordinated water and the oxygen atom of a
disordered guest DMA molecule). The calculated total potential solvent area
volume for the as-synthesized 22 shows that the unit cell contains no residual
solvent accessible void.

a)

b)

Figure 3.7. a) The unit cell of 22, and b) the single-metal-ion-based MBB.
Carbon = gray, oxygen = red, nitrogen = blue, zinc = green; hydrogen atoms are
omitted for clarity.

Compound 23 forms upon heating a solution of nickel nitrate and H2PMOI
dissolved in DMF, EtOH, and Py. The compound was formulated as
Ni(PMOI)(Py)2(H2O)·(DMF)(EtOH) by single crystal x-ray diffraction analysis
(Figure 3.8a). A study of the crystal structure of 23 reveals a neutral MOF with
2D sheets having fes topology. Each PMOI molecule coordinates to three singlenickel ions. Each Ni(II) of 23 is coordinated to the oxygen atoms of two
carboxylates in trans positions, each in a monodentate fashion, of two
132

independent PMOI ligands and the nitrogen atom of a third PMOI ligand in
equatorial positions (Figure 3.8b). The octahedral (MN3O3) coordination
geometry of each nickel is completed by the oxygen atom of a terminal water
molecule in the final equatorial position and the nitrogen atoms of two terminal Py
molecules in the axial positions, placing them as interlamellar barriers between
the fes-MOF sheets, resulting in homogeneous monolayers between fes-MOF
sheets. Each equatorial water molecule is situated between the equatorial PMOI
carboxylates (the hydrogen atoms hydrogen bond to the free oxygen atoms). The
fes-MOF sheets stack in a cascading fashion, with the guest DMF molecules
filling the void space of the octagonal channels (~6.8 Å x 12.4 Å) that form along
the a-axis, and the guest DMF and EtOH molecules fill a second type of
rectangular channels (~7.4 Å x 9.1 Å) that form between the interlamellar
coordinated Py molecules and intersect the other channels. The total potential
solvent area volume was calculated as 1643.7 Å3 per unit cell volume (3495.7 Å3)
or 47.0% upon removal of the guest DMF and EtOH molecules. The calculated
total potential solvent area volume for the as-synthesized 23 shows that the unit
cell contains a solvent accessible void of 640.6 Å3 per unit cell volume (3495.7
Å3) or 18.3%.
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a)

b)

Figure 3.8. a) The unit cell of 23, and b) the single-metal-ion-based MBB.
Carbon = gray, oxygen = red, nitrogen = blue, nickel = green; hydrogen atoms
are omitted for clarity.

2,6-Dimethyl-3,5-Pyridinedicarboxylate (DMPDC)
Compound 24 forms upon heating a solution of zinc nitrate and H2DMPDC
dissolved in DMA and EtOH. The compound was formulated as
Zn(DMPDC)(DMA)·(DMA) by single crystal x-ray diffraction analysis (Figure
3.9a). A study of the crystal structure of 24 reveals a neutral 2D MOF having sql
topology. Each DMPDC molecule coordinates to four zinc ions through the
carboxylates (two through each carboxylate in bis-monodentate fashion). Each
square pyramidal Zn(II) of 24 (MNO4) is coordinated by the oxygen atoms of four
carboxylates of four independent PMOI ligands in the equatorial positions and
the oxygen atom of a terminal DMA molecule in the axial position; no nitrogen
atoms coordinate. The carboxylates bridge the Zn(II) atoms into dinuclear
paddlewheel clusters (M2(O2CR)) (Figure 3.9b). The 2D sheets stack in AAAA
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fashion so that the square windows of each sheet are aligned with neighboring
sheets (separated by week [hydrophobic] interactions), resulting in quadrangular
channels (~8.9 Å x 9.6 Å) running along the a-axis where the void space is filled
by the axial terminal DMA molecules and guest DMA molecules. The total
potential solvent area volume was calculated as 579.6 Å3 per unit cell volume
(1907.1 Å3) or 30.4% upon removal of the guest DMA molecules. The total
potential solvent area volume was calculated as 1097.8 Å3 per unit cell volume
(1907.1 Å3) or 57.6% upon removal of the terminal DMF molecules. The
calculated total potential solvent area volume for the as-synthesized 24 shows
that the unit cell contains no residual solvent accessible void.

a)

b)

Figure 3.9. a) The unit cell of 24, and b) b) the DMPDC ligand MBB is connected
to two Cu2(O2CR)4 MBBs. Carbon = gray, oxygen = red, nitrogen = blue, zinc =
green; hydrogen atoms are omitted for clarity.

Compound 25 forms upon heating a solution of zinc acetate and
H2DMPDC dissolved in DMA, EtOH, and 4,4’-Bipy. The compound was
formulated as Zn(DMPDC)(4,4’-Bipy)·(DMA)(H2O) by single crystal x-ray
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diffraction analysis (Figure 3.10a). A study of the crystal structure of 25 reveals a
neutral MOF with 2D sheets having sql topology. Each DMPDC molecule
coordinates to two single-zinc ions. Each tetrahedral Zn(II) (MN2O2) of 25 is
coordinated to the oxygen atoms of two carboxylates, each in a monodentate
fashion, of two independent DMPDC ligands and two nitrogen atoms of two
independent 4,4’-Bipy ligands; no terminal ligands are present (Figure 3.10b).
The sql-MOF sheets self-interpenetrate and the pairs stack in AAA fashion,
where the DMPDC ligands orient into the interlamellar space and additional void
space is filled by guest water and DMA molecules.

a)

b)

Figure 3.10. a) The unit cell of 25, and b) the single-metal-ion-based MBB.
Carbon = gray, oxygen = red, nitrogen = blue, zinc = green; hydrogen atoms are
omitted for clarity.
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3,5-Pyridinedicarboxylate N-oxide (3,5-PDCO)
Compound 26 forms upon heating a solution of copper nitrate and 3,5H2PDCO dissolved in DMF, EtOH, and Py. The compound was formulated as
Cu(3,5-PDCO)(Py)2·(DMF)(H2O) by single crystal x-ray diffraction analysis
(Figure 3.11a). A study of the crystal structure of 26 reveals a neutral MOF with
2D sheets having fes topology. Each 3,5-PDCO molecule coordinates to three
single-copper ions. Each Cu(II) of 26 is coordinated to the oxygen atoms of two
carboxylates in trans positions, each in a monodentate fashion, of two
independent 3,5-PDCO ligands and the nitrogen atoms of two terminal Py
ligands in the other trans equatorial positions (Figure 3.11b). The square
pyramidal (MN2O3) coordination geometry of each copper is completed by the
oxygen atom of a third 3,5-PDCO molecule in the axial position. The terminal Py
molecules orient out of the plane of the fes-MOF sheets, placing them as
interlamellar barriers, resulting in homogeneous monolayers between fes-MOF
sheets. The fes-MOF sheets stack in a cascading fashion, resulting in four types
of octagonal channels along the a-axis. Guest DMF and water and terminal Py
molecules fill the void space of the smallest channel (~6.0 Å x 8.5 Å), guest
water and terminal Py molecules fill the second (~6.4 Å x 8.5 Å), guest water
molecules fill the third (~6.4 Å x 8.7 Å), and the last channels are open (~6.3 Å x
8.5 Å). The total potential solvent area volume was calculated as 1592.6 Å3 per
unit cell volume (4422.8 Å3) or 36.0% upon removal of the guest molecules. The
calculated total potential solvent area volume for the as-synthesized 26 shows
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that the unit cell contains a solvent accessible void of 423.1 Å3 per unit cell
volume (4422.8 Å3) or 9.6%.

a)

b)

Figure 3.11. a) The unit cell of 26, and b) the single-metal-ion-based MBB.
Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms
are omitted for clarity.

Discussion
3,4-Pyridinedicarboxylate (3,4-PDC)
3,4-Pyridinedicarboxylic acid (3,4-H2PDC) is a constitutional isomer213 of
3,5-H2PDC; it still possesses two potential carboxylic acid coordinating sites,
which can each be deprotonated, resulting in a divalent anion, and a third,
neutral aromatic nitrogen atom coordinating site (Figure 3.12a). Differing from its
3,5- constitutional isomer,192 3,4-H2PDC has two carboxylates with a more
proximal distance to each other, which can lead to their steric torsion out of the
plane of the molecule (dihedral angle ≠ 0).214 The steric torsion of carboxylate
groups, combined with the multiple functional groups for hetero-coordination,
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offers great potential to generate 3D structures when coordinated to single metal
ions, and could offer the potential for obtaining the desired srs-MOF given the
proper 3-connected hetero-coordination about the single-metal ion center.
However, it should be noted that several MOFs have been obtained from 3,4H2PDC, and multiple coordination modes and connectivities for the ligand have
been observed (Figure 3.13).215-224

a)

b)

Figure 3.12. a) The intramolecular proximity of the carboxylate functional groups
(red) in 3,4-PDC results in their rotation out of the plane of the pyridine core
(shown in black), and b) upon deprotonation in situ, 3,4-H2PDC can serve as a
tritopic linker.

Indeed, reaction between zinc nitrate and 3,4-H2PDC under solvothermal
conditions results in 3D MOF, Zn2(3,4-PDC)2(DMF)2(Py) (16),225 where the 3,4PDC ligands can be regarded as 3-connected nodes. 16 contains two unique
3,4-PDC ligands that are both coordinated to three single-zinc ions through one
oxygen atom of the two independent carboxylates in a monodentate fashion and
through the aromatic nitrogen. Analysis of the dihedral angles for the 3,4-PDC
carboxylates in 16 was conducted. Although there are only two
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crystallographically independent 3,4-PDC ligands in 16, each one exists with
symmetry equivalent bi-rotational carboxylates, resulting in two opposite, but
equal dihedral angles for each carboxylate on each independent ligand. The 3position carboxylates have dihedral angles averaging 56.48° and 45.61°,
respectively, when viewed down an axis from the carboxylate carbon to the
adjacent pyridine core carbon (Figure 3.12b). The 4-postion carboxylates have
average dihedral angles of 41.63° and 58.04°, respectively.

Figure 3.13. Noted coordination modes of 3,4-PDC shown in 2D.
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There are two independent zinc ions (Figure 3.14a-b), as well as two
unique 3,4-PDC ligands. One zinc, Zn1, assumes a trigonal bipyramidal
geometry, ZnNO4, with two oxygen atoms of two independent 3,4-PDC ligands
and three terminal ligands (two oxygen atoms of two DMF molecules, and one
nitrogen atom of one Py molecule) completing the coordination sphere. The
terminal ligands do not contribute to the network topology, and therefore the
MNO4 MBB can be regarded as a bridge between the two framework ligands
(BU, MO2). The other zinc, Zn2, is tetrahedral, coordinated by two nitrogen atoms
and two oxygen atoms of four independent 3,4-PDC ligands to form a 4connected tetrahedral MBB (MN2O2), as shown in Figure 3.15, which serves as a
tetrahedral building unit (TBU) for the topological description of 16 (Figure 3.14c).

a)

b)

c)
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Figure 3.14. Zn2(3,4-PDC)2(DMF)2(Py), 16, consists of two metal nodes, as seen
here: a) Zn1 coordinated by two 3,4-PDC ligands, two terminal DMF molecules,
and one terminal pyridine molecule, and b) Zn2 is coordinated by only four 3,4PDC ligands (MN2O2 MBB), and together form c) the overall extended framework
of 16. Carbon = gray, oxygen = red, nitrogen = blue, zinc = green; hydrogen
atoms and terminal ligands have been omitted for clarity.

In 16, there are two unique 3,4-PDC molecules that can be regarded as 3connected nodes. Both ligands are coordinated to three single-zinc ions through
one oxygen atom of the two independent carboxylates in a monodentate fashion
and through the aromatic nitrogen. The resulting neutral framework can simply
be regarded as a network constructed from 3-connected ligand and tetrahedral
single-metal nodes, (3,4)-mixed connectivity (Figure 3.15). Topological analysis
reveals two sets of vertex symbols, one set for the tetrahedral nodes
(6.83.8.8.82.82) and another for the 3-connected nodes (6.83.83). Further
elaborate analysis reveals that the network of 16 is trinodal. Although the 3connected nodes, 3,4-PDC ligands, possess similar vertex symbols, they can be
regarded as two unique nodes. This discrimination is supported by the
divergence of their coordination sequences and topological density, TD10, (3, 8,
17, 31, 48, 68, 95, 123, 154, 190; TD10 = 736 and 3, 8, 17, 31, 50, 68, 95, 124,
155, 195; TD10 = 746, respectively). The third independent node in 16 is the
tetrahedral node (4, 8, 19, 32, 48, 72, 94, 123, 158, 193; TD10 = 751). On the
basis of this analysis, 16 is the first MOF to possess this type of network
topology,34 hereafter referred to as usf-51.
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Figure 3.15. (Top-center)The topology in 16 can be interpreted in two different
ways depending on the ligand-based MBB(s). Carbon = gray, oxygen = red,
nitrogen = blue, zinc = green; hydrogen atoms are omitted for clarity. (Right) The
cag topology is based on the assembly of tetrahedral, whereas the usf-51
topology is based on the assembly of tetrahedra and pairs of triangles (left).
Tetrahedra are in green and orange, while triangles are in yellow and red,
respectively.

It is worth mentioning that in the previous analysis of 16, Zn2 is
considered as a point of extension bridging two 3,4-PDC ligands, each ligand
also connected to two independent tetrahedral Zn1 ions. This analysis results in
two vertex-linked 3-connected nodes and, thus, an overall (3,4)-connected net
with isolated pairs of 3-connected nodes and isolated tetrahedral nodes. An
alternate analysis of the usf-51 network can be assessed by considering the two
directly linked 3-connected nodes as one expanded 4-connected node (Figure
3.15),38 in this case tetrahedral due to the staggered orientation of 3-connected
node pairs, much like the relationship between ths (α-ThSi2 or (10,3)-b topology),
tfa, and dia (diamond topology).34 Accordingly, if the structure of 16 is viewed in
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a similar manner, then the network is composed of two types of 4-connected
nodes with identical vertex symbols (4.62.6.6.6.6), coordination sequence (4, 11,
24, 41, 63, 91, 123, 160, 202, 249), and TD10 (968), which is consistent with cag
topology (Figure 3.15), i.e., CaGa2O4.34 MOFs related in their topology to cag are
scarce. It is worth noting that in 16, the ligand-based 4-connected node is
generated, in situ, by bridging two 3-connected ligands; however, in all previous
cag-MOFs, the 4-connected nodes are based only on single-metal ions or
clusters and/or tetrahedral ligands.39,41,226-227
The evident relationship between the usf-51 topology presented here in 16
and the cag topology illuminates a possible new approach to access networks
having novel topologies. Thus, MOFs with unprecedented topologies can be
targeted and constructed to be related to existing networks, where, in this case,
the 4-connected node can be substituted with a pair of 3-connected nodes. This
approach can be generalized to other multi-connected nodes as a means to
access new MOFs (e.g. 4-connected nodes can be divided into two 3-connected
nodes and 6-connected nodes can be divided into two directly linked 4connected nodes).
The as-synthesized 16 possesses photoluminescence properties with an
emission maximum centered at ~330 nm and a lifetime of ~3.7 ns. This feature is
consistent with previous findings in which 3,4-PDC-based MOFs exhibit
fluorescent properties.216-217,219-220,222 Since neither the zinc ion nor the 3,4H2PDC molecule exhibits luminescence independently, the fluorescence most
likely originates from the metal-ligand complex.
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Reaction between copper nitrate and 3,4-H2PDC under solvothermal
conditions also results in a 3D MOF, Cu(3,4-PDC)(DMF) (17).225 In 17, each
independent divalent 3,4-PDC anion assumes a different coordination mode than
in 16 and is coordinated to four Cu(II) metals; through the aromatic nitrogen
atom, in a monodentate fashion through the 4-position carboxylate to one metal,
and in a bis-monodentate fashion through the 3-position carboxylate to two
independent metal ions. Thus, the ligand can be regarded as a quasi-TBU, 4connected rather than 3-connected. In 17, the steric torsion of carboxylates is
maintained, and the resulting dihedral angle for the 3-position carboxylate is an
average of 64.56° when viewed down an axis from the carboxylate carbon to the
adjacent pyridine core carbon, and an average of 43.90° at the 4-position when
viewed similarly.

a)

b)
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c)

d)

Figure 3.16. The structure of 17 consists of a) Cu(II) nodes coordinated by four
3,4-PDC ligands and a terminal DMF molecule (MNO4) that can be viewed as b)
4-connected BUs (MNO3). c) The 3,4-PDC ligands bridge the copper ions d) into
ladder-like chains. Carbon = gray, oxygen = red, nitrogen = blue, copper = green;
hydrogen atoms are omitted for clarity.

Each Cu(II) ion assumes a trigonal bipyramidal geometry, coordinated by
one nitrogen atom and three oxygen atoms of four crystallographically
independent 3,4-PDC ligands and one oxygen atom of a terminal DMF molecule
(MNO4 MBB), Figure 3.16a. This configuration results in another quasi-TBU,
MNO3. Thus, the structure of 17 (Figure 3.17a) is built from the assembly of
TBUs (Figure 3.16b). Analysis of the vertex symbols and coordination sequence
of 17 reveals that its topology is related to SrAl2.13,39,228 Both the ligand nodes
and the metal nodes result in the same vertex symbols (4.6,4.6,6.82), congruent
with zeolite ABW 13 and SrAl2.39,228 Their unique coordination sequence (4, 10, 21,
36, 54, 78, 106, 136, 173, 214) and topological density (TD10 = 833) confirms the
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identity of the generated network topology as sra (Figure 3.16b).34 The sra-MOF
could be expected, since the single-copper ions in 17 are assembled into ladderlike chains (Figure 3.16c-d) and sra is one of the 4-connected nets formed by
simple linking of ladders.198

a)

b)

Figure 3.17. a) Structure of Cu(3,4-PDC)(DMF), 17; hydrogen atoms and
terminal ligands have been omitted for clarity. b) The extended framework
topology of 17 is congruent with that of sra.

The assembly of the Cu(II) atoms into ladder-like chains, suggests that 17
may have interesting magnetic properties. In Figure 3.18, the magnetization vs.
magnetic field curves for 17 are displayed in a field range from -50 k Oe to 50 k
Oe. At 300 K, the M-H curve shows a paramagnetic type behavior with a straight
line. However, below 20 K the M-H curve exhibits nonlinear behavior that
indicates the presence of ferromagnetic ordering.215,218,221,224
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Figure 3.18. M-H loops as a result of 17 at various temperatures.

Reaction between manganese nitrate and 3,4-H2PDC under solvothermal
conditions also results in a 3D sra-MOF, Mn2(3,4-PDC)2(DMF)2 (18). In 18, the
ligand assumes a novel coordination mode for 3,4-PDC. Each ligand is
coordinated to four Mn(II) metals; through the aromatic nitrogen atom, in a
monodentate fashion through the 4-position carboxylate to one metal, in a
monodentate fashion through the 3-position carboxylate to one metal, and
chelated through the carboxylates to one metal. Thus, the ligand in 18 also can
be regarded as a quasi-TBU. The dihedral angle for the 3-position carboxylate is
an average of 14.479° when viewed down an axis from the carboxylate carbon to
the adjacent pyridine core carbon, and an average of 70.645° at the 4-position
when viewed similarly.
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a)

b)

c)

d)

Figure 3.19. The structure of 18 consists of a) Mn(II) nodes coordinated by four
3,4-PDC ligands and a terminal DMF molecule (MNO5) that can be viewed as b)
4-connected BUs. c) The 3,4-PDC ligands bridge the manganese ions d) into
ladder-like chains. Carbon = gray, oxygen = red, nitrogen = blue, manganese =
green; hydrogen atoms are omitted for clarity.

Each Mn(II) ion assumes an octahedral geometry, chelated by the oxygen
atoms of two carboxylates of one independent 3,4-PDC, coordinated by cis
oxygen atoms of two carboxylates (3- and 4-position, respectively) of two
independent 3,4-PDC molecules, each in a monodentate fashion and the
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nitrogen atom of a fourth 3,4-PDC molecule, and completed by the oxygen atom
of a terminal DMF molecule (MNO5 MBB), Figure 3.19a. This configuration
results in a quasi-TBU (Figure 3.19b), where the carboxylates bridge the singleMn ions into ladder-like chains (Figure 3.19c-d), somewhat similar to 17. As
expected, analysis of the vertex symbols, coordination sequence, and TD10 of 18
reveals that it can also be considered as a sra-MOF (Figure 3.20).198

Figure 3.20. a) Structure of Mn(3,4-PDC)(DMF), 18; hydrogen atoms and
terminal ligands have been omitted for clarity. b) The extended framework
topology of 18 is congruent with that of sra. Carbon = gray, oxygen = red,
nitrogen = blue, manganese = green; hydrogen atoms are omitted for clarity.

5-(4-Pyridinylmethoxy)-isophthalate (PMOI)
Isoreticular MOFs have been constructed based on the expansion and/or
functionalization of organic ligands.31 For example, the vast repertoire of organic
chemistry provides a variety of dicarboxylic acids analogous to the linear ditopic
ligand, terephthalic acid, where additional organic functions can substitute the
hydrogen atoms of the benzene ring or the carboxylic acids can be placed at a
greater distance by incorporating larger aromatic cores. Likewise, expanded
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and/or functionalized analogues of tritopic, trigonal-like ligands like 1,3,5benzenetricarboxylic acid can also be design and synthesized.11 Unlike the linear
ditopic terephthalic acid, however, they can be expanded in three equivalent
directions rather than two. 3,5-H2PDC is tritopic and trigonal-like, suggesting that
this ligand could be expanded in three directions, but the hetero-functional nature
of the ligand results in a two-fold symmetry. Thus, the symmetry of 3,5-H2PDC
allows for two primary types of expansion; along the nitrogen atom axis,
essentially maintaining the 1,3-BDC moiety while adding length between this
moiety and the pyridine moiety, along the carboxylate axes maintaining the
pyridine moiety while adding length between this moiety (like PBPC discussed in
Chapter 1)106 and two carboxylate moieties, or a combination of both (secondary)
(Figure 3.21).

a)

b)

c)

d)
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Figure 3.21. a) The 3,5-H2PDC can be extended b) along the carboxylate axes,
c) along the pyridyl axis, or d) both.

It is reasonable that a variety of organic spacers could be used to expand
(and possibly functionalize) the 3,5-H2PDC molecule (e.g. vinyl, acetyl, imine,
amide). One route that has shown promise in synthesizing extended organic
ligands is the use of alkoxy spacers. Here, the reaction between one moiety
functionalized with a hydroxyl group and another with a haloalkyl group results in
the two moieties being bridged by an alkoxy linker (e.g. R-OH and R’-CH2-Br
yields R-O-CH2-R’).136,229-230
This route has been utilized to synthesize an extended 3,5-H2PDC-like
organic molecule, 5-(4-pyridinylmethoxy)-isophthalic acid (H2PMOI), via reaction
between HO-DMBDC and CMP211 followed by saponification. H2PMOI still
possesses two potential carboxylic acid coordinating sites, which can each be
deprotonated, resulting in a divalent anion, and a third, neutral aromatic nitrogen
atom coordinating site (Figure 3.22), though the alkoxy spacer is slightly flaccid
allowing for flexibility in the ligand and possibly the resultant MOFs.
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Figure 3.22. a) The H2PMOI molecule can be synthesized in one step, and b)
upon deprotonation in situ, PMOI can serve as a tritopic linker.

Reaction between H2PMOI and copper nitrate under solvothermal
conditions results in a novel 3D MOF, Cu(PMOI)2·(EtOH)(H2O) (19). In 19, each
independent divalent PMOI anion is coordinated to five Cu(II) metals; through the
aromatic nitrogen atom and in a bis-monodentate fashion through each
carboxylate to four Cu(II) ions, each to two independent metal ions. The fact that
the carboxylates coordinate the equatorial positions of pairs of Cu(II) ions,
bridging them into dinuclear paddlewheel clusters (M2(O2CR)) (Figure 3.23b),
can be expected, considering that the 1,3-BDC moiety (and similar derivatives) is
known to readily form these paddlewheel MBBs in situ.95c
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a)

b)

c)
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Figure 3.23. The 1,3-BDC ligand is known to coordinate metals in dinuclear
paddlewheel clusters and form layered MOFs, namely square and a) Kagomé
lattices. b-c) The PMOI ligand contains a 1,3-BDC moiety that can coordinate in
the same manner and form the 2D sheets (represented in blue), while the
ancillary pyridyl moiety serves to coordinate the axial position of a paddlewheel
cluster on a neighboring layer (b), thus serving as an axial-to-ligand (A-L) pillar
(orange). There are at least two other methods of pillaring these type of square
and Kagomé layers, namely axial-to-axial (A-A, red)201-202 and ligand-to-ligand (LL, green).231-232
The 2D Kagome lattice (kgm)34 is one of the most common topologies for
the assembly of 1,3-BDC with paddlewheel clusters (Figure 3.23a) ,95a,201 and
analysis of 19 reveals that, in fact, the kgm sheets are formed via the 1,3-BDC
moiety of PMOI. The pyridine moiety of PMOI coordinates to the axial positions
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of the metal-carboxylate paddlewheel clusters, resulting in axial-to-ligand (A-L)
pillaring of the kgm sheets. A-L pillaring (Figure 3.23c) is a term given to one
method of constructing 3D MOFs from 2D kgm-MOFs, where the BDC moiety
(two carboxylates) forms the 2D MOF layer and a third functional group on the
ligand occupies the axial sites of the metal ions in the paddlewheel cluster of
neighboring layers. The other methods (Figure 3.23c) include axial-to-axial (AA),201-202 where the ditopic carboxylate ligands (e.g. 1,3-BDC or 1,4-BDC) and
paddlewheel nodes form the 2D MOF layer and a second linear ditopic ligand
(e.g. 4,4’-Bipy) bridges the axial sites of neighboring layers. L-L pillaring is
essentially covalent pillaring, where an organic ligand is designed to have the
necessary ditopic carboxylate moiety at both ends of the molecule (i.e.
tetracarboxylate) linked through a covalent organic backbone (i.e. alkyl chain,
alkoxy chain, phenyl ring).231-232 The latter two methods of pillaring kgm-MOF
layers recently have been achieved, and have shown promise to improve the
kgm-MOF properties like gas storage, specifically hydrogen. Nevertheless, 19 is
the first example of axial-to-ligand pillaring of kgm-MOFs.
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a)

b)

c)
Figure 3.24. Analysis of a) the crystal structure of 19 reveals b) pillared Kagomé
layers (one layer in yellow), resulting in c) hourglass-shaped channels with two
primary types of cavities (represented as yellow and orange spheres). Carbon =
gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms are omitted
for clarity.

The kgm-MOF sheets in 19 are pillared in a unique ABCA manner, where
pairs of antiparallel three-member ring windows of neighboring sheets are
separated by six-member ring windows (i.e. 3, 3, 6, 3, 3) to give repeating
hourglass-shaped channels (Figure 3.24). These hourglass-shaped channels
result in two types of cavities (~7.1 Å and 12.6 Å diameters), one between
neighboring three-member rings and one in the hexagonal windows between
neighboring three-member ring windows, as shown in Figure 3.24c. The diameter
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of the trigonal windows is ~7.1 Å, which is ~3.7 Å when considering the van der
Waals radii of the surrounding atoms (assuming 1.7 Å for carbon atoms). This
diameter is close to the kinetic diameter of molecular nitrogen (N2 = 3.6 Å),3a,87
which may account for the lack of porosity thus far observed for 19. The kinetic
diameter of molecular hydrogen (H2) is slightly smaller (~2.9 Å), suggesting that
19 could adsorb hydrogen gas, but no significant uptake has been detected to
date.
The axial-to-ligand pillared kgm-MOF can be viewed as a 3D MOF, where
the PMOI ligand serves as a 3-connected node and the paddlewheel cluster as a
6-connected octahedral node. Though several (3,6)-connected nets are known
(e.g. rtl and pyr), topological analysis reveals that 19 is a novel network, dubbed
usf-52 (Figure 3.25): vertex symbols of
(4.4.6)(4.4.4.4.6.6.82.82.84.82.84.82.1212.1212.128) and coordination sequences of
3, 12, 15, 47, 47, 124, 95, 225, 160, 359 and 6, 8, 28, 30, 88, 72, 182, 136, 292,
200, respectively.34

a)

b)
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c)

d)
Figure 3.25. The structure of 19 can be simplified as a) an unprecedented
network composed of 3-connected nodes (yellow) based on the tritopic ligand
and 6-connected nodes (orange) based on the saturated paddlewheel cluster,
where one type of channel becomes evident in b) the polyhedral representation
of 19 (red triangles and green octahedra, respectively). Other orientations of the
polyhedral representation show c) the layers of octahedra (Kagomé lattice)
pillared by triangles, and reveal d) a second type of channel in 19.
The 2D square lattice (sql)34 also is a common topology for the assembly
of 1,3-BDC with paddlewheel clusters (Figure 3.26a),95a,201 and can be pillared in
similar manners to kgm. Thus, A-L pillaring of the sql sheets should be expected
to form from the assembly of PMOI ligands and paddlewheel clusters (Figure
3.26b). Indeed, slight modification of the reaction conditions between copper
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nitrate and H2PMOI results in an A-L pillared sql-MOF, Cu(PMOI) (20), where the
sql sheets are formed via the 1,3-BDC moiety of PMOI and the pyridine moiety of
PMOI coordinates to the axial positions of the metal-carboxylate paddlewheel
clusters (Figure 3.26c).

a)

b)

c)
Figure 3.26. a) Ball-and-stick representation of a sql-MOF layer based on the
assembly of 1,3-BDC and paddlewheel clusters. b) The PMOI ligand MBB in 20
is identical to the one observed in 19. c) A fragment of the crystal structure of 20.
Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms
are omitted for clarity.
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The 1,3-BDC moieties form sql-MOF sheets in 1,2-alternate fashion,95a
where a pair of adjacent benzenes in any given four-member ring point up while
the other adjacent pair point down. This orientation results in the square windows
of each 2D sql-MOF sheet being staggered between neighboring sheets,
exposing zig-zag channels (~8.4 Å x 9.8 Å) running along the c-axis (Figure
3.27). The size of the windows (~6.8 Å x 6.8 Å) in 21 suggests that, like 20,
nitrogen uptake could be hindered, and, though H2 should adsorb, no significant
uptake has been observed to date.

a)

b)

c)
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Figure 3.27. Analysis of the crystal structure of 20 reveals a) pillared square grid
layers, where b) the layers stack in a staggered fashion. Carbon = gray, oxygen
= red, nitrogen = blue, copper = green; hydrogen atoms are omitted and one
layer is shown in yellow for clarity. c) The staggered stacking results in zigzagshaped channels represented as yellow cylinders (each layer is shown in a
different color for clarity).

The axial-to-ligand pillared sql-MOF also can be viewed as a 3D MOF,
where the PMOI ligand serves as a 3-connected node and the paddlewheel
cluster as an 6-connected octahedral node. Topological analysis of the resultant
(3,6)-connected net reveals that 20 is an apo-MOF (Figure 3.28), where the
vertex symbols [(4.62.62)( 4.4.6.6.6.6.6.6.62.62.62.85.*.*.*)] and coordination
sequences (3, 14, 19, 62, 53, 148, 103, 262, 171, 416 and 6, 10, 38, 36, 106, 78,
206, 138, 342, 214, respectively), match the apo topology.34

a)

b)

Figure 3.28. The structure of 20 can be simplified as a (3,6)-connected network
with apo topology. The polyhedral representation (red triangles and green
octahedra, respectively) of this net shows a) the layers of octahedra (square
lattice) pillared by triangles, and reveals b) one type of channel in 20.
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Though the 1,3-BDC moiety has permitted the assembly of dimetal
paddlewheel MBBs, the resemblance between H2PMOI and 3,5-H2PDC suggests
that the PMOI ligand should allow the formation of single-metal-ion-based MBBs
(in situ) and the resultant MOFs.190,192 In fact, the reaction between copper nitrate
and H2PMOI in the presence of Py results in a single-copper-ion-based 2D MOF,
Cu(PMOI)(Py)2(MeOH)·(H2O)(MeOH) (21) (Figure 3.29), where the PMOI ligands
can be regarded as 3-connected nodes. 21 contains two unique PMOI ligands
that are both coordinated to three single-copper ions through one oxygen atom of
the two independent carboxylates in a monodentate fashion and through the
aromatic nitrogen atom.
There are two distinct types of copper ions in 21, as well as two unique
PMOI ligands. One independent copper, Cu1, assumes a square pyramidal
geometry, CuN2O3, with two oxygen atoms of two independent PMOI ligands and
three terminal ligands (two nitrogen atoms of two Py molecules, and one oxygen
atom of one MeOH molecule) completing the coordination sphere (Figure 3.29a).
The terminal ligands do not contribute to the network topology, and therefore the
MN2O3 MBB in 21 simply can be regarded as a bridge between the two
framework ligands (BU, MO2). The other independent copper, Cu2, is also
square pyramidal, coordinated to two nitrogen atoms and two oxygen atoms of
four independent PMOI ligands and one oxygen atom of a terminal MeOH to
form an MN2O3 MBB, as shown in Figure 3.29b, which serves as a 4-connected
BU (MN2O2) for the topological description of 21.
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a)

c)

b)

d)

Figure 3.29. Compound 21, consists of two metal nodes, as seen here: a) Cu1
coordinated by two PMOI ligands, two terminal Py ligands, and one terminal
MeOH ligand, and b) Cu2 is coordinated by four PMOI ligands and one terminal
MeOH ligand (MN2O2 BU), and together form c) the overall layered framework of
21, where d) the layers stack in ABAB fashion. Carbon = gray, oxygen = red,
nitrogen = blue, copper = green; hydrogen atoms and terminal ligands have been
omitted for clarity.

In 21, there are two unique PMOI molecules that can be regarded as 3connected nodes. Both ligands are coordinated to three single-copper ions
through one oxygen atom of the two independent carboxylates in a monodentate
fashion and through the aromatic nitrogen. The resulting neutral framework
(Figure 3.30a) can simply be regarded as a network constructed from 3connected ligand and 4-connected single-metal nodes (Figure 3.30b), (3,4)mixed connectivity. Topological analysis reveals two sets of vertex symbols, one
set for the 4-connected nodes (4.6.4.6) and another for the 3-connected nodes
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(4.6.6). Based on this analysis, 21 is the first MOF to possess this type of
network topology,34 henceforth termed usf-53.

a)

b)

Figure 3.30. a) The 2D MOF layers of 21 can be simplified as b) an
unprecedented network based on 3-connected (yellow and red) and 4-connected
nodes. Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen
atoms are omitted for clarity.

As in the analysis of 16, the topology of 21 can be interpreted in multiple
ways. In the first analysis of 21, Cu2 is considered as a bridge between two
PMOI ligands, each ligand also connected to two independent 4-connected Cu1
ions. This analysis results in two vertex-linked 3-connected nodes and, thus, an
overall (3,4)-connected net with isolated pairs of 3-connected nodes and isolated
4-connected nodes. An alternate analysis of the usf-53 network can be assessed
by considering the two directly linked 3-connected nodes as one expanded 4connected node (as in 16), in this case square due to the eclipsed orientation of
3-connected node pairs (Figure 3.31a). Accordingly, if the structure is viewed in a
similar manner, then the network is composed of two types of 4-connected nodes
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with identical vertex symbols (44), which is consistent with sql topology (Figure
3.31b).

a)

b)
Figure 3.31. As in the analysis of 16, a) pairs of 3-connected nodes can be
interpreted as one 4-connected node (orange), resulting in b) a simple square
lattice.
Reaction between zinc nitrate and H2PMOI in the presence of Py results in
a single-metal-ion-based MOF, Zn(PMOI)·(DMA)1.5(H2O)2.5 (22), with 2D sheets
having one of the expected default network topologies for 3-connected nodes (in
this case hcb). 22 is nearly isoreticular to 6 since it is a single-zinc-ion-based
hcb-MOF based on the expansion of 3,5-H2PDC; however, 22 is based on
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tetrahedral MBBs (ZnN2O2, fac-like ZnNO2 BUs) rather than trigonal bipyramidal
MBBs (ZnNO4, trigonal ZnNO2 BUs) (Figure 3.32).

a)

c)

b)

d)

Figure 3.32. a) The single-metal-ion-based MBB, and b) the 3-connected BU of
c) 22 (space-filling view), which can be simplified as having d) hcb topology
based on 3-connected nodes. Carbon = gray, oxygen = red, nitrogen = blue, zinc
= green; hydrogen atoms are omitted for clarity.

Therefore, 22 contains only one site for capping by a terminal ligand
(pseudo-axial), whereas 6 has two axial capping positions. Nevertheless, 22
mimics 6 so far as there is a bilayered arrangement of the staggered 2D MOF
sheets (Figure 3.33), and one of the interlamellar spaces is filled by the terminal
water ligands. Guest DMA molecules fill the second interlamellar space (Figure
3.33b). The tetrahedral MBB in 22 is similar to the tetrahedral MBB in 3,
excepting the terminal ligands (water in 22, DMA in 3) and the orientation of the
bridging ligands (nearly planar in 22), which suggests that an expanded
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isoreticular srs-MOF should be attainable from Zn2+ and PMOI. However, no srsMOF has been encountered to date with PMOI.

a)

b)

c)
Figure 3.33. a) The MOF sheets in 22, alternately separated by guest solvent
molecules and terminal ligands, b) stack in a bilayer ABAB fashion (guest solvent
molecules in are shown in yellow for clarity), where c) the hcb layers are
staggered. Carbon = gray, oxygen = red, nitrogen = blue, zinc = green; hydrogen
atoms are omitted for clarity.
The expanded hcb-MOF provides open hexagonal windows compared to
6, ~8.2 Å x 8.8 Å versus ~4.4 Å x 7.7 Å. Unfortunately, the hcb-MOF sheets in
22 stack in a staggered ABAB fashion as in 6, preventing the formation of
channels. The void space in the hexagonal windows of 22 is filled by the pseudo167

axial water molecule of neighboring antiparallel sheets and one of the disordered
guest DMA molecules.
Isoreticulation has been achieved by the solvothermal reaction of nickel
nitrate and H2PMOI in the presence of Py. The compound,
Ni(PMOI)(Py)2(H2O)·(DMF)(EtOH) (23), is an isoreticular fes-MOF to 12. As
expected, the Ni2+ ions assume the preferred octahedral coordination geometry
in situ, where an identical NiN3O3 MBB is formed by the desired mer-positioned
PMOI ligands (MNO2 BU), and completed by the nitrogen atoms of two terminal
Py ligands in axial positions and a terminal water ligand in the final equatorial
position (Figure 3.34a-b). As in 12, the NiNO2 BUs of 23 assume the desired Tshape while the PMOI ligands serve as trigonal nodes, resulting in an expanded
fes-MOF with 2D sheets resembling the hybrid long-and-short brick tiling pattern
(Figure 3.34d).

a)

b)
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c)

d)

Figure 3.34. a) The single-metal-ion-based MBB, and b) the 3-connected BU of
c) 23 (space-filling view), which can be simplified as having d) fes topology based
on 3-connected nodes. Carbon = gray, oxygen = red, nitrogen = blue, nickel =
green; hydrogen atoms are omitted for clarity.

The expanded fes-MOF provides open octagonal windows compared to
12, ~6.8 Å x 12.4 Å versus 3.1 Å x 7.2 Å (Figure 3.34c). Though the fes-MOF
sheets in 23 stack in a cascading fashion as in 12, the octagonal windows align
along the a-axis to allow 1D channels. Guest solvent molecules fill the void space
in the octagonal channels of 23. Again, the coordination of the terminal Py
ligands into the axial positions of the single-nickel ions places them as
interlamellar barriers between adjacent 2D fes-MOF sheets, resulting in a
monolayered arrangement. As in 12, modification of the interlamellar space
should be possible through terminal ligand substitution, including pillaring, while
maintaining while maintaining the framework composition. However, attempts to
modify 23 thus far have yielded only amorphous powders.
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2,6-Dimethyl-3,5-pyridinedicarboxylate (DMPDC)
As stated previously in this chapter, organic chemistry affords the ability to
synthesize a variety of analogous molecules to be utilized as ligands in metalorganic chemistry; not just for expansion of the pores, but also functionalization
of the structure.31 Of particular interest are aromatics, where additional organic
groups for some specific function (i.e. alkyl chains, hydroxyls, amines, and
halogens) can substitute the hydrogen atoms of the aromatic ring. For example,
DMPDC serves as an analog to 3,5-PDC, where the 2- and 6-position hydrogen
atoms are replaced by methyl groups. Although the methyl groups may add steric
hindrance due to their proximity to the N-donor, coordination to single-metal ions
is possible (Figure 3.35),233 and the steric hindrance can induce torsion that may
serve to preclude 2D structures toward the design and synthesis of the targeted
3D srs-MOF.

Figure 3.35. Upon deprotonation in situ, H2DMPDC can serve as a tritopic linker.
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Nonetheless, reaction between zinc acetate and DMPDC under
solvothermal conditions results in a 2D MOF, Zn(DMPDC)(DMA)·(DMA) (24),
where DMPDC is ditopic rather than tritopic. In 24, metal coordination to the
nitrogen atom of DMPDC is absent, which may account for the formation of the
dinuclear Zn2(O2CR) paddlewheel MBBs in situ. The quasi-protection of the
aromatic nitrogen atom by the proximal methyl groups results in a 1,3-BDC-like
ligand, compared to the original 3,5-PDC ligand with which no paddlewheel MBB
has ever been observed.93 Similar to 1,3-BDC, DMPDC forms a 2D sql-MOF
upon assembly with the dinuclear Zn2(O2CR) paddlewheels, where the sql-MOF
sheets in 1,2-alternate fashion.95a This orientation results in the square windows
of each 2D sql-MOF sheet being aligned between neighboring sheets, allowing
potential quadrangular channels (~8.9 Å x 9.6 Å) running along the a-axis (Figure
3.36). Removal of the guest and axial terminal DMA molecules should permit
porosity, and, though H2 should adsorb, no appreciable uptake has been
observed to date.
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a)

c)

b)

d)

Figure 3.36. The steric hindrance of the nitrogen atom on the pyridine core of the
DMPDC limits coordination to the carboxylates, resulting in a 1,3-BDC-like
ligand, that yields an 2D layered MOF, 24, where b) the sheets stack in ABAB
fashion. c) Each MOF sheet is analogous to the 1,3-BDC-based sql-MOFs, which
are simplified as d) square grids. Carbon = gray, oxygen = red, nitrogen = blue,
zinc = green; hydrogen atoms and terminal ligands have been omitted for clarity.

The formation of sql-MOF sheets in 24 is unique, placing the nitrogen end
of the DMPDC ligands into the interlamellar space, as well as the axial positions
of the paddlewheel MBBs (Figure 3.36a-b). This suggests that 24 could be
pillared in two ways: the introduction of a linear molecule with a hydrogen donor
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at each end could serve to hydrogen bond with the uncoordinated nitrogen atoms
of DMPDC of neighboring sheets; and the incorporation of a linear ditopic ligand,
like 4,4’-Bipy, could serve to pillar the axial positions of the paddlewheel MBBS of
neighboring sheets (A-A).201-202

a)

b)

c)

Figure 3.37. a) The single-metal-ion-based MBB of c) 23, where d) the
interpenetrating MOF sheets stack in AAAA fashion. Carbon = gray, oxygen =
red, nitrogen = blue, zinc = green; hydrogen atoms are omitted for clarity.

Attempts to pillar 24 through hydrogen bonding have not yielded any
crystalline products yet. Likewise, the use of 4,4’-Bipy as a pillar has produced no
crystalline products. However, close analysis of 24 reveals that a more flexible
pillar, like Bpa, would be better suited for pillaring, as the axial positions are
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oriented at an angle away from the interlamellar space. Unfortunately, reaction
between zinc acetate and DMPDC in the presence of Bpa has not produced a
pillared sql-MOF.

a)

b)

Figure 3.38. a) The interpenetrating MOF sheets can be simplified as b)
interpenetrating square grids.

The compound, Zn(DMPDC)(Bpa)·(DMA)(H2O) (25), however, is another
sql-MOF, where the inorganic MBBs are single-metal ions (ZnN2O2) rather than
the expected dinuclear paddlewheel clusters (Zn2(O2CR)). In 25, each Zn2+ is
tetrahedral, where the coordination sphere is completed by the nitrogen atoms of
two Bpa ligands and two oxygen atoms of DMPDC carboxylates (Figure 3.37a).
This results in 2D sql sheets consisting of intersecting chains of DMPDC and Bpa
ligands (Figure 3.37b). The sql-MOF sheets self-interpenetrate (Figure 3.38) and
the pairs stack in AAAA fashion, where the DMPDC ligands orient into the
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interlamellar space and guest water and DMA molecules fill any additional void
space.

3,5-Pyridinedicarboxylate (3,5-PDCO)
The diversity of organic spacer functionalities available for expansion of
ligands, as previously communicated in this chapter, often leads to concomitant
functionalization, and it is reasonable that the reverse statement is true:
functionalization can lead to expansion, albeit functionalization must occur in the
appropriate expansion positions.31 Indeed, functionalization of 3,5-H2PDC to 3,5H2PDCO212 leads to an extra oxygen atom covalently bound to the nitrogen atom
of the pyridine core (i.e. synthesis of the N-oxide), which serves to extend the
ligand slightly along the N-axis (Figure 3.39).

Figure 3.39. a) The 3,5-H2PDCO molecule can be synthesized in one step, and
b) upon deprotonation in situ, 3,5-PDCO can serve as a tritopic linker.

If the oxygen atom of the N-oxide, as well as the two carboxylates,
coordinates to a metal, 3,5-PDCO can still serve as a 3-connected node in the
construction of MOFs. In addition, this oxygen atom of the N-oxide functionality
will coordinate in a nonlinear fashion (unlike the nitrogen atom of the pyridine
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core), as depicted in Figure 3.39, which could aid in the preclusion of 2D
structures and facilitate design and synthesis of the targeted 3D srs-MOF.

a)

c)

b)

d)

Figure 3.40. a) The single-metal-ion-based MBB, and b) the 3-connected BU of
c) 25, which can be simplified as having d) fes topology based on 3-connected
nodes. Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen
atoms are omitted for clarity.

Nonetheless, reaction between copper nitrate and PDCO under
solvothermal conditions results in a 2D MOF. The compound, Cu(3,5PDCO)(Py)2·(DMF)(H2O) (26), is another isoreticular fes-MOF, in this case to 13.
As expected, the Cu2+ ions assume the expected square pyramidal coordination
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geometry in situ, where an identical CuN3O2 MBB is formed by the pseudo merpositioned 3,5-PDCO ligands (MNO2 BU), and completed by the nitrogen atoms
of two terminal Py ligands in the axial positions (Figure 3.40a-b). As in 13, the
CuNO2 BUs of 26 assume the desired T-shape while the 3,5-PDCO ligands
serve as trigonal nodes, resulting in an expanded fes-MOF (Figure 3.40b) with
2D sheets more closely resembling the purely trigonal fes net (Figure 3.40c)
compared to 13.

Conclusion
The modularity of MOMs, combined with the resource of organic
chemistry, allows for readily tunable constituents, cavities, and pores.
Modification of organic ligands is one method that has allowed for the synthesis
of novel (though expected) MOFs, including novel frameworks and topologies
from multi-functional ligands through hetero-coordination to various metal ions,
as well as the design and synthesis of isoreticular MOFs with variable pore size
and functionality. It has been shown that the organic ligand, 3,4-H2PDC, can lead
to 3D MOFs, as well as distinctive frameworks from its constitutional isomer, 3,5H2PDC, based on the steric torsion of proximal intra-molecular carboxylates out
of the plane of the molecule core. Expansion and functionalization of the 3,5H2PDC molecule can, in fact, produce open isoreticular MOFs, as well as novel
frameworks with potential properties for gas storage applications. Attempts to
synthesize an open srs-MOF have yet to be realized for these modified ligands,
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but the rational design strategy using the single-metal-ion-based MBB approach
shows great promise.
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Chapter 4:
M(CO)x(CO2)y Coordination: Metal-Ligand Directed Organic Synthesis,
Isoreticulation, and Mixed Metal-Organic Frameworks (M’MOFs)

Introduction
Metal-ligand-directed assembly of hetero-functional organic linkers has
proven successful in the design and synthesis of MOMs with predicted topologies
using hetero-coordination of single-metal ions,117-123,192,225 The previous chapters
have primarily discussed the design and synthesis of novel MOFs from singlemetal ions and N- and (CO2)- hetero-coordination, with the exception of 26 where
the addition of an N-oxide (NO) functional group to the original 3,5-PDC ligand
leads to (NO)- and (CO2)- hetero-coordination. The resultant 3-connected fesMOF is isoreticular to the original fes-MOF, 13. This result suggests that similar
functional groups and ligands can be pursued to target 3-connected MOFs, and
perhaps the desired srs-MOF. One ligand that resembles 3,5-PDCO is
chelidonate (CDO, 4-pyrone-2,6-dicarboxylate), consisting of a planar sixmember heterocyclic ring with meta-positioned carboxylates and a 4-position
ketone (CO) that corresponds to the NO function, respectively. The following
chapter will discuss the design and synthesis of MOMs based on CDO and the
(CO)- and (CO2)- hetero-coordination of metal ions.
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Experimental Section
Materials and Methods
All materials and methods are described in Chapter 1, unless otherwise
noted. Photodimerization reactions were carried out in a Rayonet RPR-600
Photochemical Reactor (eight 2537 A° light sources).

Synthesis and Characterization
Synthesis of [Cu2(CDO)2(Py)5(DMF)]n (27). Cu(NO3)2·2.5H2O (9.3 mg,
0.04 mmol) and H2CDO·H2O (8.1 mg, 0.04 mmol) were added to a 2 mL solution
of DMF and Py (0.1 mL) in a 20 mL scintillation vial, heated at a constant rate
1.5°C/min to 85°C for 12 h, and then cooled at a constant rate 1°C/min to room
temperature. The as-synthesized blue polyhedral crystals are insoluble in water
and common organic solvents.
SCD Analysis of 27. Cu2C42H36N6O13: M = 959.85, orthorhombic, Pbcn, a
= 16.494(4) Å, b = 16.604(4) Å, c = 30.370(7) Å, α = 90°, β = 90°, γ = 90°, V =
8317(3) Å3, Z = 8, Dc = 1.533 Mg m-3, µ = 1.097 mm-1, 16457 [(R(int) = 0.1281]
reflections of which 8506 assumed as observed (I > 2σ(I)). Final R1 = 0.0522,
wR2 = 0.1166 (I > 2σ(I)).

Synthesis of [Cu(CDO)(Py)2(H2O)]n (28). Cu(NO3)2·2.5H2O (9.3 mg, 0.04
mmol) and H2CDO·H2O (8.1 mg, 0.04 mmol) were added to a 2 mL solution of
DMF (1 mL) and EtOH (1 mL), and Py (0.1 mL) in a 20 mL scintillation vial,
heated at a constant rate 1.5°C/min to 85°C for 12 h, and then cooled at a
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constant rate 1°C/min to room temperature. The as-synthesized light blue rod
crystals are insoluble in water and common organic solvents.
SCD Analysis of 28. CuC17H14N2O7: M = 421.84, triclinic, P-1, a =
8.738(3) Å, b = 10.188(4) Å, c = 10.760(4) Å, α = 63.080(7)°, β = 83.713(8)°, γ =
76.770(7)°, V = 831.5(5) Å3, Z = 2, Dc = 1.685 Mg m-3, µ = 1.359 mm-1, 4890
[(R(int) = 0.0536] reflections of which 3359 assumed as observed (I > 2σ(I)).
Final R1 = 0.0597, wR2 = 0.0913 (I > 2σ(I)).

Synthesis of [Cu(EE1)(Py)2(H2O)]n (29). Method 1: Crystals of 28 in a 20
mL scintillation vial were washed with DMF (1 mL) and EtOH (1 mL) three times,
and the final solution with crystals placed in a photochemical reactor for 1 day
(until crystals turn from light blue to light green). Light green plate crystals were
collected and air-dried, and were insoluble in H2O and common organic solvents.
Method 2: Crystals of 28 in a 20 mL scintillation vial were washed with
DMF (1 mL) and EtOH (1 mL) three times and dried. The crystals were
distributed in a thin layer on a recrystallization dish and placed in a
photochemical reactor for 1 day (until crystals turn from light blue to light green).
Light green plate crystals were collected, and were insoluble in H2O and common
organic solvents.
SCD Analysis of 29. CuC17H14N2O7: M = 411.76, triclinic, P-1, a =
8.586(2) Å, b = 9.954(3) Å, c = 10.576(3) Å, α = 62.738(4)°, β = 87.681(4)°, γ =
77.070(4)°, V = 781.1(3) Å3, Z = 2, Dc = 1.751 Mg m-3, µ = 1.445 mm-1, 4661
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[(R(int) = 0.1838] reflections of which 3231 assumed as observed (I > 2σ(I)).
Final R1 = 0.0543, wR2 = 0.0954 (I > 2σ(I)).

Synthesis of [Cu(EE2)(H2O)]n (30). Crystals of 29 in a 20 mL scintillation
vial were washed with DMF (1 mL) and EtOH (1 mL) three times and dried. The
crystals were then washed with H2O three times and dried, followed by the
addition of HNO3 (1.0 mL 6N in 1.0 mL H2O). The solution was heated at a
constant rate 1.5°C/min to 85°C for 12 h, then cooled at a constant rate 1°C/min
to room temperature, followed by successive heating at a constant rate
1.5°C/min to 105°C for 23 h and cooling at a constant rate 1°C/min to room
temperature. Blue rod crystals were collected from the side wall of the vial for
SCD analysis.
SCD Analysis of 30. CuC7H12O11: M = 335.71, triclinic, P-1, a = 7.729(3)
Å, b = 8.805(3) Å, c = 9.393(3) Å, α = 62.493(6)°, β = 81.809(6)°, γ = 68.261(6)°,
V = 526.3(3) Å3, Z = 2, Dc = 2.118 Mg m-3, µ = 2.138 mm-1, 2947 [(R(int) =
0.0945] reflections of which 2094 assumed as observed (I > 2σ(I)). Final R1 =
0.0525, wR2 = 0.1250 (I > 2σ(I)).

Synthesis of [Na(EE2)(H2O)·(H2O)]n (31). Crystals of 29 in a 20 mL
scintillation vial were washed with DMF (1 mL) and EtOH (1 mL) three times and
dried. The crystals were then washed with H2O three times and dried, followed by
the addition of NaOH (1.0 mL 8M in H2O). The blue/green precipitate was filtered
and concentrated HNO3 added to ~pH 2.0, and placed at 4°C for three days.
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Colorless plate crystals were collected from the vial and air dried (8 mg, 34%
total yield based on H2CDO·H2O).
SCD Analysis of 31. Na2C14H26O22: M = 592.33, monoclinic, P21/c, a =
7.297(3) Å, b = 16.347(7) Å, c = 11.990(4) Å, α = 90°, β = 126.824(17)°, γ = 90°,
V = 1144.9(8) Å3, Z = 2, Dc = 1.718 Mg m-3, µ = 0.196 mm-1, 5963 [(R(int) =
0.1597] reflections of which 2106 assumed as observed (I > 2σ(I)). Final R1 =
0.0613, wR2 = 0.1615 (I > 2σ(I)).

Synthesis of [Cu(CDO)(Pic)2(H2O)]n (32). Cu(NO3)2·2.5H2O (9.3 mg,
0.04 mmol) and H2CDO·H2O (8.1 mg, 0.04 mmol) were added to a 2 mL solution
of DMF (1 mL) and EtOH (1 mL), and Pic (0.1 mL) in a 20 mL scintillation vial,
heated at a constant rate 1.5°C/min to 85°C for 12 h, and then cooled at a
constant rate 1°C/min to room temperature. The as-synthesized light blue rod
crystals are insoluble in water and common organic solvents.
SCD Analysis of 32. CuC19H16N2O7: M = 447.88, triclinic, P-1, a =
10.107(3) Å, b = 10.288(3) Å, c = 10.704(3) Å, α = 87.221(5)°, β = 62.803(4)°, γ =
75.359(5)°, V = 954.9(5) Å3, Z = 2, Dc = 1.558 Mg m-3, µ = 1.189 mm-1, 4406
[(R(int) = 0.0276] reflections of which 3205 assumed as observed (I > 2σ(I)).
Final R1 = 0.0497, wR2 = 0.1251 (I > 2σ(I)).
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Synthesis of [Ni(CDO)(Py)2(H2O)]n (33). Ni(NO3)2·6H2O (11.6 mg, 0.04
mmol) and H2CDO·H2O (8.1 mg, 0.04 mmol) were added to a 2 mL solution of
DMF (1 mL) and EtOH (1 mL), and Py (0.1 mL) in a 20 mL scintillation vial,
heated at a constant rate 1.5°C/min to 85°C for 12 h, and then cooled at a
constant rate 1°C/min to room temperature. The as-synthesized light blue rod
crystals are insoluble in water and common organic solvents.
SCD Analysis of 33. NiC17H14N2O7: M = 603.40, monoclinic, P21/n, a =
8.6276(19) Å, b = 19.023(4) Å, c = 16.435(4) Å, α = 90°, β = 90.916(5)°, γ = 90°,
V = 2697.0(11) Å3, Z = 4, Dc = 1.486 Mg m-3, µ = 0.780 mm-1, 16072 [(R(int) =
0.0480] reflections of which 6217 assumed as observed (I > 2σ(I)). Final R1 =
0.0570, wR2 = 0.1234 (I > 2σ(I)).

Synthesis of [MeH2CDA]n (34). MeH2CDA was synthesized via
modification of a published procedure234: H2CDO (8.1 mg, 0.04 mmol) was added
to a 2 mL solution of MeNH2 in a 10 mL RBF, heated at 85°C for 12 h, and then
cooled to room temperature. Conc. HNO3 was added to pH 2 and the yellow
crystalline precipitate filtered and air dried (39.3%).1H-NMR (DMSO): 3.8 ppm (s,
3H), 6.7 ppm (s, 2H).
SCD Analysis of 34. C8H7NO5: monoclinic, P21/n, a = 7.7050(14) Å, b =
14.1452(26) Å, c = 8.1042(15) Å, α = 90°, β = 117.305(3)°, γ = 90°.

Synthesis of EtH2CDA (35). EtH2CDA was synthesized via modification
of a published procedure234: H2CDO (8.1 mg, 0.04 mmol) was added to a 2 mL
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solution of EtNH2 in a 10 mL RBF, heated at 85°C for 12 h, and then cooled to
room temperature. Conc. HNO3 was added to pH 2 and the yellow crystalline
precipitate filtered and air dried (80.3%).%). 1H-NMR (DMSO): 1.3 ppm (t, 3H),
4.3 ppm (q, 2H), 6.7 ppm (s, 2H).

Synthesis of HexH2CDA (36). HexH2CDA was synthesized via
modification of a published procedure234: H2CDO (8.1 mg, 0.04 mmol) was added
to a 2 mL solution of HexNH2 in a 10 mL RBF, heated at 85°C for 12 h, and then
cooled to room temperature. Conc. HNO3 was added to pH 2 and the yellow
crystalline precipitate filtered and air-dried (49.6%). 1H-NMR (DMSO): 0.8 ppm (t,
3H), 1.2 ppm (m, 6H), 1.6 ppm (m, 2H), 4.3 ppm (t, 2H), 6.7 ppm (s, 2H).

Synthesis of [Mn3(CDO)3·(EtOH)3]n (37). Mn(NO3)2·xH2O (7.2 mg, 0.04
mmol) and H2CDO·H2O (8.1 mg, 0.04 mmol) were added to a 2 mL solution of
DMF (1.5 mL) and EtOH (1 mL) in a 20 mL scintillation vial, heated at a constant
rate 1.5°C/min to 85°C for 12 h, and then cooled at a constant rate 1°C/min to
room temperature. The as-synthesized yellow parallelepiped crystals are
insoluble in water and common organic solvents.
SCD Analysis of 37. A (293 K) Mn3C25H18O20: M = 803.21, trigonal, R-3c,
a = 12.5295(7) Å, b = 12.5295(7) Å, c = 66.766(8) Å, α = 90°, β = 90°, γ = 120°, V
= 9077.3(13) Å3, Z = 12, Dc = 1.763 Mg m-3, µ = 1.323 mm-1, 16656 [(R(int) =
0.1010] reflections of which 2102 assumed as observed (I > 2σ(I)). Final R1 =
0.0481, wR2 = 0.1409 (I > 2σ(I)).
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B (100 K) Mn3C27H24O21: M = 849.28, trigonal, R-3c, a = 12.481(2) Å, b =
12.481(2) Å, c = 66.673(15) Å, α = 90°, β = 90°, γ = 120°, V = 8994(3) Å3, Z = 12,
Dc = 1.882 Mg m-3, µ = 1.343 mm-1, 7236 [(R(int) = 0.0444] reflections of which
2075 assumed as observed (I > 2σ(I)). Final R1 = 0.0489, wR2 = 0.1313 (I >
2σ(I)).

Synthesis of [Mn1.84Cd1.16(CDO)3·(H2O)3]n (38). H2CDO·H2O, (8.1 mg,
0.04 mmol), Mn(NO3)2⋅xH2O (4.8 mg, 0.027 mmol), Cd(NO3)2⋅4H2O (4.1 mg,
0.013 mmol), DMF (2.0 mL), were added to a vial, and the solution was heated at
a constant rate 1.5°C/min to 85°C for 12 h, and then cooled at a constant rate
1°C/min to room temperature. Light yellow parallelepiped crystals were collected
and air-dried. The as-synthesized material is insoluble in H2O and common
organic solvents.
SCD Analysis of 38. Mn1.84Cd1.16C21H12O21: M = 841.74, trigonal, R-3c, a
= 12.5711(14) Å, b = 12.5711(14) Å, c = 66.385(14) Å, α = 90°, β = 90°, γ = 120°,
V = 9085(2) Å3, Z = 12, Dc = 1.846 Mg m-3, µ = 1.700 mm-1, 14781 [(R(int) =
0.1274] reflections of which 2052 assumed as observed (I > 2σ(I)). Final R1 =
0.0756, wR2 = 0.1993 (I > 2σ(I)).

Synthesis of [Cd3(CDO)3·(H2O)3]n (39). Cd(NO3)2·4H2O (12.3 mg, 0.04
mmol) and H2CDO·H2O (8.1 mg, 0.04 mmol) were added to a 2 mL solution of
DMF in a 20 mL scintillation vial, heated at a constant rate 1.5°C/min to 85°C for
12 h, and then cooled at a constant rate 1°C/min to room temperature. The as186

synthesized colorless parallelepiped crystals are insoluble in water and common
organic solvents.
SCD Analysis of 39. Cd3C21H12O21: trigonal, R-3c, a = 12.6527(5) Å, b =
12.6527(5) Å, c = 66.427(5) Å, α = 90°, β = 90°, γ = 120°, V = 9209.6(9) Å3.

Synthesis of [MnCo2(CDO)3·(H2O)3]n (40). H2CDO·H2O, (8.1 mg, 0.04
mmol), Mn(NO3)2⋅xH2O (4.8 mg, 0.027 mmol), Co(NO3)2⋅6H2O (3.9 mg, 0.013
mmol), and DMF (2.0 mL) were added to a vial, and the solution was heated at a
constant rate 1.5°C/min to 85°C for 12 h, and then cooled at a constant rate
1°C/min to room temperature. Orange-pink parallelepiped crystals were collected
and air-dried. The as-synthesized material is insoluble in H2O and common
organic solvents.
SCD Analysis of 40. MnCo2C21H12O21: M = 857.26, trigonal, R-3c, a =
12.4298(18) Å, b = 12.4298(18) Å, c = 65.881(19) Å, α = 90°, β = 90°, γ = 120°, V
= 8815(3) Å3, Z = 12, Dc = 1.938 Mg m-3, µ = 1.640 mm-1, 15424 [(R(int) =
0.0996] reflections of which 1955 assumed as observed (I > 2σ(I)). Final R1 =
0.0707, wR2 = 0.1763 (I > 2σ(I)).

Synthesis of [Co(HCDO)(DEF)2(H2O)2]n (41). H2CDO·H2O, (8.1 mg, 0.04
mmol), Co(NO3)2⋅6H2O (3.9 mg, 0.013 mmol), DEF (1.0 mL) and n-propanol (nPrOH, 1.0 mL) were added to a vial, and the solution was heated at a constant
rate 1.5°C/min to 85°C for 12 h, and then cooled at a constant rate 1°C/min to
room temperature. Pink parallelepiped crystals were collected and air-dried.
187

SCD Analysis of 41. CoC12H15N2O10: triclinic, P1, a = 11.7172(24) Å, b =
11.7991(25) Å, c = 22.8844(48) Å, α = 96.057(4)°, β = 90.196(4)°, γ = 91.812(4)°.

Synthesis of [MnxFe3-x(CDO)3·(H2O)3]n (42). H2CDO·H2O, (8.1 mg, 0.04
mmol), Mn(NO3)2⋅xH2O (4.8 mg, 0.027 mmol), Fe(NO3)3⋅9H2O (5.2 mg, 0.013
mmol), and DMF (2.0 mL) were added to a vial, and the solution was heated at a
constant rate 1.5°C/min to 85°C for 12 h, and then cooled at a constant rate
1°C/min to room temperature. Orange-yellow parallelepiped crystals were
collected and air-dried. The as-synthesized material is insoluble in H2O and
common organic solvents. Single crystals have been obtained for this material,
but analysis is incomplete and comparison between PXRD patterns suggests
that it is isostructural to the 37 series.

Synthesis of [Fe3(CDO)3·(H2O)3]n (43). H2CDO·H2O, (8.1 mg, 0.04
mmol), Fe(NO3)3⋅9H2O (16.2 mg, 0.04 mmol), and DMF (2.0 mL) were added to a
vial, and the solution was heated at a constant rate 1.5°C/min to 85°C for 12 h,
cooled at a constant rate 1°C/min to room temperature, heated at a constant rate
of 1.5°C/min to 105°C for 23 h, cooled at a constant rate 1°C/min to room
temperature, 1.5°C/min to 115°C for 23 h, and then cooled at a constant rate
1°C/min to room temperature. Orange-yellow cluster crystals were collected and
air-dried. The as-synthesized material is insoluble in H2O and common organic
solvents. No suitable single crystals could be obtained for this material, but
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comparison between PXRD patterns suggests that it is isostructural to the 37
series.

Synthesis of [CdxCo3-x(CDO)3·(H2O)3]n (44). H2CDO·H2O, (8.1 mg, 0.04
mmol), Cd(NO3)2⋅4H2O (4.8 mg, 0.027 mmol), Co(NO3)2⋅6H2O (3.9 mg, 0.013
mmol), and DMF (2.0 mL) were added to a vial, and the solution was heated at a
constant rate 1.5°C/min to 85°C for 12 h, and then cooled at a constant rate
1°C/min to room temperature. Orange-pink parallelepiped crystals were collected
and air-dried. The as-synthesized material is insoluble in H2O and common
organic solvents. Single crystals have been obtained for this material, but
analysis is incomplete and comparison between PXRD patterns suggests that it
is isostructural to the 37 series.

Synthesis of [MnxCdyCo3-(x+y)(CDO)3·(EtOH)3]n (45). Mn(NO3)2·xH2O (3.9
mg, 0.013 mmol), Cd(NO3)2⋅4H2O (4.8 mg, 0.013 mmol), Co(NO3)2⋅6H2O (3.8
mg, 0.013 mmol), and H2CDO·H2O (8.1 mg, 0.04 mmol) were added to a 2 mL
solution of DMF (1 mL) and EtOH (1 mL) in a 20 mL scintillation vial, heated at a
constant rate 1.5°C/min to 85°C for 12 h, and then cooled at a constant rate
1°C/min to room temperature. The as-synthesized orange-pink parallelepiped
crystals are insoluble in water and common organic solvents.
SCD Analysis of 45. MnxCdyCo3-(x+y): trigonal, R-3c, a = 12.54(3) Å, b =
12.54(3) Å, c = 65.97(17) Å, α = 90°, β = 90°, γ = 120°, V = 8982(38) Å3.
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Synthesis of [MnxMgyCd3-(x+y)(CDO)·(H2O)]n (46). Mn(NO3)2·xH2O (3.9
mg, 0.013 mmol), Cd(NO3)2⋅4H2O (4.8 mg, 0.013 mmol), Mg(NO3)2⋅6H2O (3.0
mg, 0.013 mmol), and H2CDO·H2O (8.1 mg, 0.04 mmol) were added to a 2 mL
solution of DMF (2 mL) in a 20 mL scintillation vial, heated at a constant rate
1.5°C/min to 85°C for 12 h, and then cooled at a constant rate 1°C/min to room
temperature. The as-synthesized yellow parallelepiped crystals are insoluble in
water and common organic solvents. Single crystals have been obtained for this
material, but analysis is incomplete and comparison between PXRD patterns
suggests that it is isostructural to the 37 series.

Results
Photodimerization
Compound 27 forms upon heating a solution of copper nitrate and H2CDO
dissolved in DMF, EtOH, and Py. The compound was formulated as
Cu2(CDO)2(Py)5(DMF) by single crystal x-ray diffraction analysis (Figure 4.1a). A
study of the crystal structure of 27 reveals a neutral MOM of two types of 1D zigzag chains along the b axis. Each CDO molecule coordinates to two singlecopper ions through the carboxylates in monodentate fashion. The first Cu(II) of
27 is coordinated to the oxygen atoms of two carboxylates in trans positions,
each in a monodentate fashion, of two independent CDO ligands in equatorial
positions (Figure 4.1b). The square pyramidal (MN3O2) coordination geometry of
each copper is completed by the nitrogen atoms of three terminal Py molecules,
placing them as inter-chain barriers. The second Cu(II) of 27 also is coordinated
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to the oxygen atoms of two carboxylates in trans positions, each in a
monodentate fashion, of two independent CDO ligands in equatorial positions, as
well as the trans nitrogen atoms of two terminal Py molecules (Figure 4.1b). The
square pyramidal (MN3O2) coordination geometry of each copper is completed by
the oxygen atom of a terminal DMF molecule in the axial position; again, the
terminal ligands act as inter-chain barriers. Each type of metal-organic chain
packs into homogeneous dual pseudo-layers (AA), and these double layers
alternate in an (AA)(BB)(AA).

a)

b)
Figure 4.1. a) The unit cell of 27, and b) the single-metal-ion-based MBBs.
Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms
are omitted for clarity.
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Compound 28 forms upon heating a solution of copper nitrate and H2CDO
dissolved in DMF and Py. The compound was formulated as Cu(CDO)(Py)2(H2O)
by single crystal x-ray diffraction analysis (Figure 4.2a). A study of the crystal
structure of 28 reveals a neutral MOM of 1D zig-zag chains. Each copper(II) ion
assumes a trigonal bipyramidal geometry (MN2O3), and is coordinated in the
axial positions by the nitrogen atoms of two independent Py molecules (Figure
4.2b). The equatorial positions are occupied by the oxygen atom of one water
molecule and in a monodentate fashion by the carboxylate oxygen atoms of two
CDO ligands. Each CDO ligand coordinates to two individual copper ions to form
1D metal-organic chains along the b axis. Each pair of neighboring chains,
related by center of symmetry, are joined by hydrogen bonds between
coordinated water and the two adjacent carboxylate carbonyl groups to form a
well-defined ladder structure. Dipole-dipole interactions arrange the ladders into
pseudo layers parallel to the bc plane, while the terminal Py ligands are pointed
out of such a plane into the interlamellar space.

a)

b)

Figure 4.2. a) The unit cell of 28, and b) the single-metal-ion-based MBBs.
Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms
are omitted for clarity.
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Compound 29 forms upon the exposure of 28 to ultraviolet light. The
compound was formulated as Cu(EE1)(Py)2(H2O) by single crystal x-ray
diffraction analysis (Figure 4.3). A study of the crystal structure of 29 reveals a
neutral MOM of 1D ladders. Each Cu(II) ion assumes a trigonal bipyramidal
geometry (MN2O3), and is coordinated in the axial positions by the nitrogen
atoms of two independent Py molecules. The equatorial positions are occupied
by the oxygen atom of one water molecule and in a monodentate fashion by the
carboxylate oxygen atoms of two EE1 ligands. Each EE1 ligand coordinates to
four individual copper ions to form 1D metal-organic ladders along the b axis.
Each ladder is joined by hydrogen bonds between coordinated water and the two
adjacent carboxylate carbonyl groups to form 2D sheets that are separated by
the induced π-π stacking interactions between interlayer Py moieties (Fig. S3).

Figure 4.3. The unit cell of 29. Carbon = gray, oxygen = red, nitrogen = blue,
copper = green; hydrogen atoms are omitted for clarity.

Compound 30 forms upon the exposure of 29 to nitric acid and heat. The
compound was formulated as Cu2(EE2)(H2O)4·4H2O by single crystal x-ray
diffraction analysis (Figure 4.4). A study of the crystal structure of 30 reveals a
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neutral MOM of 1D ladders. Each Cu (II) ion assumes a distorted square
pyramidal geometry (MO5), and is coordinated in a monodentate fashion by the
carboxylate oxygen atoms of two EE2 ligands in trans positions of the basal
plane, as well as the oxygen atoms of two water molecules, and the oxygen atom
of the heterocyclic ring, which occupies the apex of the distorted pyramid,
chelating the metal. The metal-organic ladders form along the c axis, and the
multiple HBs between neighbors join them into 2D layers parallel to the ac plane,
and additional HBs between the layers and guest water molecules results in a 3D
MOF.

Figure 4.4. a) The unit cell of 30. Carbon = gray, oxygen = red, copper = green;
hydrogen atoms and guest solvent molecules are omitted for clarity.

Compound 31 forms upon the exposure of 29 to nitric acid and heat. The
compound was formulated as Na2(H2EE2)(H2O)6·2H2O by single crystal x-ray
diffraction analysis (Figure 4.5). A study of the crystal structure of 31 reveals disodium salt of EE2. Each Na ion is 7-coordinate (MO7), and is chelated in a
tetradentate fashion by the carboxylate oxygen atoms, heterocycle oxygen atom,
and diol oxygen atom of one EE2 ligand. Each EE2 ligand is ditopic and chelates
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a Na ion at each end. Each EE2 is doubly deprotonated, and the remaining
carboxylate protons serve to HB neighboring EE2 molecules, so that each EE2 is
surrounded by four other EE2 molecules, resulting in undulating 2D sql-like
sheets along the bc plane where the diol moieties and terminal water ligands fill
the interlamellar space. The multiple HBs between neighboring sheets align the
layers in AAA fashion (resulting in a 3D MOF) along the a axis, and the would-be
quadrangular channels (~6.0 Å x 6.5 Å) are filled by coordinated and guest water
molecules. The total potential solvent area volume was calculated as 29.6 Å3 per
unit cell volume (1144.9 Å3) or 2.6% upon removal of guest water molecules. The
calculated total potential solvent area volume for the as-synthesized 31 shows
that the unit cell contains no residual solvent accessible void.

Figure 4.5. The Na2(EE2)(H2O)6 cluster in 41. Carbon = gray, oxygen = red,
sodium = purple; hydrogen atoms are omitted for clarity.

Compound 32 forms upon heating a solution of copper nitrate and H2CDO
dissolved in DMF and Pic. The compound was formulated as
Cu(CDO)(Pic)2(H2O) by single crystal x-ray diffraction analysis (Figure 4.6a). A
study of the crystal structure of 32 reveals a neutral MOM of 1D zig-zag chains.
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Each copper(II) ion assumes a trigonal bipyramidal geometry (MN2O3), and is
coordinated in the axial positions by the nitrogen atoms of two independent Pic
molecules (Figure 4.6b). The equatorial positions are occupied by the oxygen
atom of one water molecule and in a monodentate fashion by the carboxylate
oxygen atoms of two CDO ligands. Each CDO ligand coordinates to two
individual copper ions to form 1D metal-organic chains along the a axis. Each
pair of neighboring chains, related by center of symmetry, are joined by hydrogen
bonds between coordinated water and the two adjacent carboxylate carbonyl
groups to form a well-defined ladder structure. Dipole-dipole interactions arrange
the ladders into pseudo layers parallel to the ac plane, while the terminal Pic
ligands are pointed out of such a plane into the interlamellar space. The sixmembered heterocyclic rings of the organic components of neighboring metalorganic ladders are arranged antiparallel and completely overlap with interplanar
spacing of 3.614Å, centroid…centroid separation of 3.538Å, and inter-ring olefin
C atom separations of 3.467 and 3.572Å and 3.517 and 3.520Å, respectively.

a)

b)
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Figure 4.6. a) The unit cell of 32, and b) the single-metal-ion-based MBBs.
Carbon = gray, oxygen = red, nitrogen = blue, copper = green; hydrogen atoms
are omitted for clarity.

Isoreticulation
Compound 33 forms upon heating a solution of nickel nitrate and H2CDO
dissolved in DMF, EtOH, and Py. The compound was formulated as
Ni(CDO)(Py)2(H2O)·(DMF)(EtOH) by single crystal x-ray diffraction analysis
(Figure 4.7a). A study of the crystal structure of 33 reveals a MOM with neutral
metal-organic chains. Each CDO molecule coordinates to two single-nickel ions
through each of the carboxylates in a monodentate fashion. Each Ni(II) of 33 is
coordinated to the oxygen atoms of two carboxylates in trans positions, each in a
monodentate fashion, of two independent CDO ligands and the oxygen atom of a
terminal water ligand in a meridional arrangement (Figure 4.7b). The octahedral
(MN3O3) coordination geometry of each nickel is completed by the nitrogen
atoms of a terminal Py molecules also in a meridional arrangement. Each
terminal water molecule is situated between the CDO carboxylates (the hydrogen
atoms hydrogen bond to the free oxygen atoms), and the chains orient so that
the ketone oxygen atoms HB with one hydrogen atom of the terminal water
(~2.533Å), resulting in 2D sheets having fes topology. The trans terminal Py
ligands orient out of the plane of the fes-MOF sheets placing them as
interlamellar barriers, resulting in homogeneous monolayers between fes-MOF
sheets. The fes-MOF sheets stack in a cascading fashion, with the guest DMF
and remaining terminal Py molecules filling the void space of the would-be
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octagonal channels (~9.6 Å x 10.6 Å) and guest EtOH molecules filling the void
space of the would-be quadrangular channels that form along the a axis, and the
guest DMF and disordered EtOH molecules fill a second type of rectangular
channels (~5.6 Å x 5.8 Å) that form between the interlamellar coordinated Py
molecules and intersect the other channels. The total potential solvent area
volume was calculated as 756.3 Å3 per unit cell volume (2697.0 Å3) or 28.0%
upon removal of the guest molecules (DMF and disordered EtOH). The total
potential solvent area volume was calculated as 1143.3 Å3 per unit cell volume
(2697.0 Å3) or 42.4% upon removal of one terminal Py molecule. The calculated
total potential solvent area volume for the as-synthesized 33 shows that the unit
cell contains no residual solvent accessible void.

a)

b)

Figure 4.7. a) The unit cell of 33, and b) the single-metal-ion-based MBBs.
Carbon = gray, oxygen = red, nitrogen = blue, zinc = green; hydrogen atoms are
omitted for clarity.
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Compound 34 crystallizes upon refluxing a solution of H2CDO dissolved in
aqueous MeNH2, cooling to room temperature, and acidifying with HNO3. The
compound was formulated as N-methyl 4-hydroxypyridinium-2-carboxylato-6carboxylic acid (Me-HO-2,6-HPDC) by SCD analysis (Figure 4.8), which is
supported by the 1H-NMR (Appendix B). A study of the crystal structure of 34
reveals that the expected N-methyl-chelidamic acid (MeH2CDA) is not present,
but exists as MeHPDC, a zwitterion where the positive charge on the nitrogen
atom is balanced by the deprotonation of one carboxylic acid. Further analysis
reveals that the molecules form layers through hydrogen bonds between the
carboxylate/carboxylic acid and the hydroxyl groups. Each molecule is connected
to four adjacent molecules; one through the hydrogen of the hydroxyl group, one
through the hydrogen atom of the protonated carboxylate, and one through each
oxygen atom of the anionic carboxylate. The resulting layers stack in ABCDA
fashion.

Figure 4.8. The MeHPDC zwitterion in 41. Carbon = gray, oxygen = red, nitrogen
= blue, hydrogen = white; hydrogen atoms are approximated for clarity.

199

Compounds 35 and 36 were synthesized in an identical manner to 34. The
only difference was the length of the alkyl chain on the amine used to react with
H2CDO, ethyl- and n-hexyl- respectively. Neither reaction produced crystals
suitable for SCD, but 1H-NMR supported completion of the reaction. Assuming
the reaction proceeds in the same as for 34, compounds 35 and 36 should be the
respective aromatic zwitterion derivatives of the H2CDO starting material.

Mixed Metal-Organic Frameworks (M’MOFs)
Compound 37 forms upon heating a solution of manganese nitrate and
H2CDO dissolved in DMF and EtOH. The compound was formulated as
[Mn(C7H2O6)](C2H5OH)0.66 or [Mn3(C7H2O6)3](C2H5OH)2 by single crystal x-ray
diffraction analysis (Figure 4.9a). A study of the crystal structure of 37 reveals a
neutral 3D MOF having a novel (3,9)-connected topology. Each CDO molecule
coordinates to four manganese ions; one through the ketone oxygen atom and
three through the carboxylates (one in bis-monodentate fashion and one in
monodentate fashion) (Figure 4.9b). The asymmetric part of the unit cell contains
three different Mn(II) cations. Mn1 and Mn2 have octahedral geometry and each
coordinate six independent ligands, but together form a dinuclear cluster,
M2(OCR)3(O2CR)6 or M2(OCR)3(O2CR)3(O2CR’)3 (Figure 4.9b). Mn1 coordinates
six ligands via the oxygen atoms of carboxylate groups (three in a monodentate
fashion, and three shared with Mn2 via a bis-monodentate manner), while Mn2
coordinates three ligands via oxygen atoms of the three shared carboxylate
groups and three other ligands through the ketone carbonyl oxygen atom in a
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monodentate fashion. Mn3 cations reside in the structure position with Wyckoff
letter d and multiplicity 18, but refinement showed the partial occupancy of these
positions with s.o.f = 0.33333. Therefore, only 12 out of 18 such positions in the
unit cell are statistically occupied by Mn3 cations, and four such positions per unit
cell are metal-free. Mn3 coordinates four ligands: two in a monodentate manner
via carboxylate oxygen atoms and two others in chelate mode via oxygen atoms
of two carboxylate groups on the same ligand, resulting in quasi-octahedral
coordination geometry [coordination number (CN) = 6]. It should be noted
however that the oxygen atoms in the apical positions are very weakly connected
with the metal (Mn3-O1=2.805 vs. Mn3-O4=2.143(2) and Mn3-O3=2.456(2)Å),
and it could therefore be considered as having square planar geometry (CN = 4).

a)
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b)
Figure 4.9. a) The unit cell of 37, and b) the CDO ligand MBB is surrounded by
three M2(OCR)3(O2CR)3(O2CR’)3 MBBs. Carbon = gray, oxygen = red,
manganese = purple; hydrogen atoms and disordered solvent molecules are
omitted for clarity.

The 3D network of 37 possesses two types of cavities, which contain
disordered solvent molecules. The compositions given above are for an ideal
case of full occupancy at both positions. The total potential solvent area volume
was calculated as 2589.9 Å3 per unit cell volume (8994.0 Å3) or 28.8% upon
removal of the disordered EtOH molecules. The calculated total potential solvent
area volume for the as-synthesized 37 shows that the unit cell contains no
residual solvent accessible void. TGA indicates two major weight changes
around 175 and 265 °C. The first loss of nearly 8% accounts for the liberation of
some of the guest solvent molecules. The second major weight loss of ~40%
primarily accounts for the framework decomposition.
Careful examination of the crystal structure reveals an underlying
inorganic subnetwork,146 where the Mn1 and Mn3 octahedra are edge-shared
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through carboxylate oxygen atoms to form 2D undulating layers along the ab
plane. The Mn1 octahedra are edge-shared with three Mn3 octahedra, which
only share two edges, resulting in an hcb topology where Mn1 serves as 3connected nodes and Mn3 is merely a linear spacer (Figure 4.10a). Each hcb
layer is separated from neighboring layers by a layer of Mn2 octahedra (Figure
4.10c), also arranged in hcb fashion, where the Mn2 octahedra are in line with
the center of the hexagonal windows of neighboring layers, as well as every
other node (Figure 4.10b). Layers of Mn1-Mn3 stack in an ABCDEFA fashion, as
do the layers of Mn2 (A’B’C’D’E’F’), so that the overall stacking follows an
AA’BB’CC’DD’EE’FF’A or ABCDEFGHIJKLA pattern, respectively, resulting in a
cubic diamondoid-like arrangement of octahedra.

a)

b)
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c)
Figure 4.10. a) Mn1 and Mn3 octahedra (green and blue, respectively) are edgeshared through carboxylate oxygen atoms to form 2D hcb layers. b) Mn2
octahedra (yellow)are in line with the center of the hexagonal windows of
neighboring hcb layers (green), as well as every other node. c) Each undulating
hcb layer (green) is separated from neighboring layers by a layer of Mn2
octahedra (yellow).

Compound 38 forms upon heating a solution of manganese nitrate,
cadmium nitrate, and H2CDO dissolved in DMF. The compound was formulated
as [Mn1.84Cd1.16(C7H2O6)3](H2O)2 by single crystal x-ray diffraction analysis. A
study of the crystal structure of 38 reveals a neutral 3D MOF having a novel
(3,9)-connected topology that is isostructural to 37, and differs only by metal
cation composition and guest molecules. Refinements on the occupancies at the
metal centers indicated the ratios of Mn(II) and Cd(II) to be approximately 61:39
(%). Mn3 is only 17% replaced by cadmium ions, Mn1 is replaced 80% by
cadmium ions, and the Mn2 position is occupied 20% by cadmium ions.
Compound 39 forms upon heating a solution of cadmium nitrate and
H2CDO dissolved in DMF. The compound was formulated as
[Cd(C7H2O6)](H2O)0.66 or [Cd3(C7H2O6)3](H2O)2 by single crystal x-ray diffraction
analysis. A study of the crystal structure of 39 reveals a neutral 3D MOF having a
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novel (3,9)-connected topology that is isostructural to 37, and differs only by
metal cation composition and guest molecules.
Compound 40 forms upon heating a solution of manganese nitrate, cobalt
nitrate, and H2CDO dissolved in DMF and EtOH. The compound was formulated
as [MnCo2(C7H2O6)3](C2H5OH)2 by single crystal x-ray diffraction analysis. A
study of the crystal structure of 40 reveals a neutral 3D MOF having a novel
(3,9)-connected topology that is isostructural to 37, and differs only by metal
cation composition and guest molecules.
Compound 41 forms upon heating a solution of cobalt nitrate and H2CDO
dissolved in DEF and n-PrOH. The compound was formulated as Co(C7H2O6)
(C5H11NO)2(H2O)2 by single crystal x-ray diffraction analysis (Figure 4.11). A
study of the crystal structure of 41 reveals packing of finite dinculear clusters,
Co2(HCDO)2(DEF)4(H2O)4. Each Co2+ ion is octahedral (CoO6), coordinated in a
monodentate fashion by the carboxylate oxygen atoms of two antiparallel HCDO
bridging ligands in cis positions, the oxygen atoms of two terminal water ligands
in cis positions, and the oxygen atoms of two terminal DEF ligands in trans
positions. Each HCDO ligand bridges two Co2+ in a bis-monodentate fashion
through one carboxylate moiety, while the remaining carboxylate remains
protonated (carboxylic acid).
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Figure 4.11. The Co2(HCDO)2(DEF)4(H2O)4 cluster in 41. Carbon = gray, oxygen
= red, nitrogen = blue, cobalt = green; hydrogen atoms are omitted for clarity.

Compound 42 forms upon heating a solution of manganese nitrate, iron
nitrate, and H2CDO dissolved in DMF and EtOH. The compound was speculated
to be [MnxFe3-x(C7H2O6)3](C2H5OH)2 by atomic absorption analysis and
comparison between PXRD patterns with the parent compound, 37. Compound
43 forms upon heating a solution of iron nitrate and H2CDO dissolved in DMF
and EtOH. The compound was speculated as [Fe(C7H2O6)](C2H5OH)0.66 or
[Fe3(C7H2O6)3](C2H5OH)2 by comparison between PXRD patterns with the parent
compound, 37. Compound 44 forms upon heating a solution of cadmium nitrate,
cobalt nitrate, and H2CDO dissolved in DMF and EtOH. The compound was
speculated as [CdxCo3-x(C7H2O6)3](C2H5OH)2 by comparison between PXRD
patterns with the parent compound, 37.
Compound 45 forms upon heating a solution of manganese nitrate,
cadmium nitrate, cobalt nitrate and H2CDO dissolved in DMF and EtOH. The
compound was formulated as [MnxCdyCo3-(x+y)(C7H2O6)3](C2H5OH)2 by single
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crystal x-ray diffraction analysis. A study of the crystal structure of 45 reveals a
neutral 3D MOF having a novel (3,9)-connected topology that is isostructural to
37, and differs only by metal cation composition and guest molecules. Compound
46 forms upon heating a solution of manganese nitrate, magnesium nitrate,
cadmium nitrate, and H2CDO dissolved in DMF and EtOH. The compound was
formulated as [MnxMgyCd3-(x+y)(C7H2O6)3](C2H5OH)2 by comparison between
PXRD patterns with the parent compound, 37.

Discussion
Photodimerization
The metal-ligand directed assembly of the hetero-functional, potentially
tritopic CDO ligand and single-metal ions would appear reasonable for targeting
3-connected MOFs (Figure 4.12). It should be noted that the H2CDO organic
linker was not just chosen for its resemblance to 3,5-H2PDCO, it was judiciously
selected for its structural and chemical properties. Aside from its rarity in MOFs93
and potential as a tritopic ligand, H2CDO is interesting for a variety of reasons.
H2CDO is a naturally occurring organic molecule found in a wide range of plant
species,235-236 acting as a leaf-closing factor in some,237-239 and this biologically
active molecule has been utilized in numerous applications, including skinlightening240-241 and wound-healing ointments,242-244 anti-allergenics,245 plant
growth regulators,246 and cooking oil stabilizers,247 metal ion separations,248 and
antibacterials.249-250 Several derivatives of H2CDO have been useful in other
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applications as well,24,245,249-250 making it a desirable ligand for incorporation into
MOMs.

Figure 4.12. Upon deprotonation in situ, H2CDO can serve as a tritopic linker.

In addition, H2CDO is a 4-pyrone-based molecule, and thus lacks inherent
aromaticity, a factor that inhibits the utility of pyridinedicarboxylates in certain
applications like organic synthesis via photodimerization.251 Some of the PDCbased MOFs (6-7,9) discussed in previous chapters possess 2D sheets, where
the pyridine moieties overlap antiparallel with a slight offset and are in close
proximity (~3.6 Å), indicating π-π stacking interactions (Figure 4.13). This parallel
ligand positioning within the required distance for [2+2] photodimerization (<4.2
Å),252 indicates the potential use of MOMs as platforms toward the synthesis of
organic molecules based on cycloaddition via single-crystal-to-single-crystal
(SCSC)

photodimerization.253

The

area

of

organic

synthesis

via

photodimerization has been dominated by the fluid environment in liquid
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phase,254 guest interactions (i.e. van der Waals and electrostatic forces) in
cavities,255 and hydrogen-bond (HB) templated complexes in the solid state.256

Figure 4.13. Analysis of the single-crystal structure of the Co-(3,5-PDC) hcbMOF, 7 (in Chapter 2), shows alternating 2D honeycomb or (6,3) layers. The
organic linkers are positioned in an antiparallel conformation along the a axis with
centroid…centroid distances of 7.47 Å and 3.55 Å, respectively. The latter
distance (yellow) is within the appropriate range, in addition to the proper
positioning of organic linkers, for [2+2] photodimerization. Water molecules and
hydrogen atoms have been omitted for clarity; C = gray; N = blue; O = red, Co =
green.

Unfortunately,
photoreactivities251

pyridine-based
compared

to

derivatives

olefins

and

typically

show

hydrocarbon

reduced

aromatics.257

Therefore, the lack of labile ligands (for such photoreactions) in the MOFs
previously described has led to exploration for functionally and structurally similar
olefins and/or hydrocarbon aromatics. The heterocyclic di-olefin, chelidonic acid
(H2CDO), is a reasonable choice, since it has two carbon-carbon double bonds
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within its heterocyclic ring and functional groups available for coordination with
metal ions, Figure 4.12. One can expect dipole-dipole interactions between
antiparallel CDO ligands instead of π-π stacking of pyridine rings in the crystal,
and thus similarity in the corresponding crystal structures. In addition,
tetraasterane-like258 compounds similar to the photodimeric cage molecule259
expected from the dual cycloaddition of antiparallel CDO ligands (Figure 4.14h)
have exhibited interesting biological properties (e.g. anti-HIV and anti-cancer
activities260). However, to date, there are only three MOMs assembled from
CDO261-262 , as well as a few discrete clusters,263-267 none having the proper
positioning of the ligands for dual cycloaddition, as there are variety of potential
photodimerization products (Figure 4.14).268

a)

b)

c)
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d)

e)

f)

g)

h)

Figure 4.14. CDO molecules can align a) head-to-head (parallel) or b) head-totail (antiparallel), which, depending on the proximity of the alkenes, can lead to a
variety of photodimerization products: c) head-to-head anti, d) head-to-head syn,
e) head-to-head cage, f) head-to-tail anti, g) head-to-tail syn, and h) head-to-tail
cage photodimers. Blue = foreground, red = background, black = new bonds as a
result of photodimerization.

Nevertheless, the metal-ligand directed assembly approach appears
highly prospective for positioning olefin ligands,269 like CDO, for [2+2]
photodimerization. To date, [2+2] photodimerization reactions via metal-ligand
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directed assembly are scarce and involve only simple linear olefins (i.e. single or
chain-type olefins functionalized for metal binding, like Bpe (Figure 4.15).269
Likewise, most HB templated complexes have been limited to similar simple
olefins.256 Nevertheless, higher dimensional olefins have been photodimerized
predominantly in solution leading to product mixtures with elongated conversion
times when compared to solid-state media.270 On the other hand, directing the
assembly of purely functional organic molecules into predetermined positions
remains a challenge,192 and thus their pre-alignment into the requisite distance
for [2+2] photodimerization is less evident by direct crystallization.252

a)

b)

Figure 4.15. a) Bpe molecules can align to allow the formation of b) tpcb through
[2+2] photodimerization of the alkene spacers. Blue = foreground, red =
background, black = new bonds as a result of photodimerization.

As expected, reaction between copper nitrate and H2CDO in the presence
of Py results in a MOM, Cu2(CDO)2(Py)5(DMF) (27), with the antiparallel
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alignment of CDO ligands within the intended distance. However, sets of four
CDO ligands are aligned (centroid…centroid separations of 3.952…3.905…3.952
Å) rather than the desired pairs, owing to the arrangement of the two types of 1D
zig-zag metal-organic chains (Figure 4.16). Each CDO ligand is only coordinated
through the carboxylates (ditopic), leaving the ketone position open and pointing
into the inter-chain space with the terminal Py and DMF ligands. Attempts to
photodimerize 27 in a photoreactor have led to degradation of the single crystals,
which may be attributed to the multiple routes of cycloaddition (Figure 4.17).

Figure 4.16. Analysis of the single-crystal structure 27, shows stacked chains,
where sets of four CDO ligands are aligned antiparallel (head-to-tail-to-head-totail) within the required distance for photodimerization. b) The CDO ligands in 27
have centroid…centroid separations of 3.952(pink)…3.905(yellow)…3.952(pink)
Å, respectively. Some terminal ligands and all hydrogen atoms have been
omitted for clarity; C = gray; N = blue; O = red, Cu = green.
213

a)

b)

c)
Figure 4.17. The CDO ligands in 27 align antiparallel in sets of four (alternating
head-to-tail-to-head-to-tail), which allows for multiple photodimerization
pathways: a) the cyclobutane rings can form at alternating sides to give a
ladderane-like molecule of syn photodimers, or dual cycloadditions can take
place between b) the exterior or c) the interior CDO pairs to give one or two
isolated cage photodimers, respectively. In order, from background to foreground
are red, blue, green, and orange; black = new bonds as a result of
photodimerization.

Modification of the reaction conditions results in the synthesis of another
MOM, Cu(CDO)(Py)2(H2O) (28),271 with the antiparallel alignment of CDO ligands
within the expected distance. In contrast to 27, only pairs of CDO ligands are
aligned in 28, as desired. As in 27, the ketone position of each CDO ligand
remains open, resulting in a ditopic coordination to the single-copper ions to form
1D metal-organic chains (Figure 4.18a). Hydrogen bonds between coordinated
terminal water ligands of one chain and the two adjacent carboxylate carbonyl
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groups of the neighboring chain form ladder-like structures from the pairs of
chains (Figure 4.18b). The six-membered heterocyclic rings of the organic
components of neighboring metal-organic ladders completely overlap with
interplanar spacing of 3.614 Å, centroid…centroid separation of 3.652 Å, and
inter-ring olefin carbon atom separations of 3.612 and 3.652 Å, their dipole-dipole
interactions resulting in a pseudo-layered MOF (Figure 4.18c). The interchain/layer space is filled by the axial terminal Py ligands.

a)

b)
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c)
Figure 4.18. Single-crystal structure of 28: a) the metal-organic chains of 28
(hydrogen atoms omitted for clarity) b) hydrogen bond to neighboring chains
through the coordinated water molecules, resulting in metal-organic ladders, and
c) are separated by axial terminal pyridine molecules and held in close proximity
by CDO…CDO interactions (centroid…centroid distance represented in pink).
Excepting water molecules, hydrogen atoms have been omitted for clarity; C =
gray, N = blue; O = red, Cu = green.

As expected, incubation of a thin layer of 28 for 3 days in a photochemical
reactor results in a change of crystal color from light blue to light green. Further
analysis reveals the SCSC transformation of 28 to a new structure characterized
and formulated by SCD studies as Cu(EE1)(Py)2(H2O) (29).271 The purity of 29
was confirmed by similarities between simulated and experimental PXRD,
suggesting complete transformation of adjacent pairs of CDO ligands (Figure
4.19) into the expected cage dimer, 3,9-dioxa-tetraaster-6,12-dione-1,5,7,11tetracarboxylate (DTDT) or 3,9-dioxapentacyclo[6.4.0.02,7.04,11.02,10]dodec6,12-dione-1,5,7,11-tetracarboxylate, hereafter referred to as EE1
(Eubank/Eddaoudi1). As expected, the unit cell dimensions decrease slightly,
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resulting in a difference of ~6% in the volume of the unit cell. The HBs between
coordinated water molecules and carboxylate carbonyls are maintained and the
photodimerized ligands unite the ladders, resulting in predicted 2D sheets that
are separated by the induced π-π stacking interactions between interlayer Py
moieties (Figure 4.20). This was the first example of a cage dimerization
accomplished utilizing MOMs as directing agents.272

a)

b)

c)

d)

Figure 4.19. a) Neighboring chains of 28 allow b) antiparallel alignment of CDO
ligands with the required distance for photodimerization (pink), and exposure of
28 to UV light results in the formation of c) ladders in 29 containing d) the
photoproduct, EE1. Hydrogen atoms have been omitted for clarity; C = gray, N =
blue; O = red, Cu = green.
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a)

b)
Figure 4.20. Single-crystal structure of 29: a) [2+2] photodimerized CDO
ligands, EE1, in 29 result in metal-organic ladders that hydrogen bond to
neighboring ladders to form 2D layers, and b) these layers are separated by the
axial terminal pyridine molecules. Excepting water molecules, hydrogen atoms
have been omitted for clarity; C = gray; N = blue; O = red, Cu = green.
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Initial attempts to isolate the new ligand, EE1, utilized strong acid to
dissociate the coordination bonds, and potentially precipitate the ligand as the
tetracarboxylic acid, H4EE1. The use of nitric acid successfully dissolved the light
green crystals of 29; however, no precipitate formed upon cooling. The resulting
solution was then successively heated and cooled to yield a few blue plate-like
crystals. Their crystal structure was revealed by SCD studies as
Cu2(EE2)(H2O)4·4H2O (30),271 shown in Figure 4.21.

a)

b)
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c)
Figure 4.21. Single-crystal structure of 30: a) the metal-organic ladders of 30
(hydrogen atoms omitted for clarity) are b) hydrogen bonded through coordinated
water molecules to form 2D layers, and c) these layers are hydrogen bonded to
guest water molecules to form a 3D structure. C = gray, O = red, Cu = green.

The reaction conditions result in the hydration of each heterocycle ketone
of EE1 to the corresponding gem diol,213 producing the novel ligand, 3,9-dioxatetraaster-6,6,12,12-tetrol-1,5,7,11-tetracarboxylate (DTTT) or 3,9dioxapentacyclo[6.4.0.02,7.04,11.02,10]dodec-6,6,12,12-tetrol-1,5,7,11tetracarboxylate, hereafter referred to as EE2 (Figure 4.22). In the crystal
structure of 30, each copper(II) ion assumes a distorted square pyramidal
geometry (MO5), and is coordinated in a monodentate fashion by the carboxylate
oxygen atoms of two EE2 ligands in trans positions of the basal plane, as well as
the oxygen atoms of two water molecules, and the oxygen atom of the
heterocyclic ring, which occupies the apex of the distorted pyramid, chelating the
metal. In contrast to 29, the crystal structure of 30 includes no Py molecules,
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confirming the complete dissolution of 29. Metal-ligand directed assembly results
in ladders along the c axis (Figure 4.21a), and the multiple HBs between
neighbors join them into 2-D layers parallel to the ac plane (Figure 4.21b), which
are further hydrogen bonded to guest water molecules to form a 3D structure
(Figure 4.21c).

a)

b)

Figure 4.22. Attempts to isolate a) the tetracarboxylic acid cage photodimer
(H4EE1), shown almost perpendicular to the cyclobutane rings to show the outof-plane distortion of the CDO-like moieties (dark black = foreground), have led to
the formation of the gem diol EE2. Blue = foreground, red = background, black =
bonds between CDO-like components.

In the presence of NaOH, the light green crystals of 29 also dissolved,
Cu(OH)2 formed almost instantly, and was filtered. Upon acidification and cooling
of the filtrate, colorless block crystals formed, which SCD studies revealed to be
the di-sodium salt of EE2 (Figure 4.23a) characterized and formulated as
Na2(H2EE2)(H2O)6·2H2O (31),271 proving the successful isolation of the sodium
salt of the EE2 photodimer (Figure 4.23b). Multiple O-H…O HBs between ligands
in 31 unite the individual EE2 molecules into layers having 4.4 square grid
topology (Figure 4.23c), indicating the potential use of EE2 as a 4-connected
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linker in MOFs, and the additional O-H…O HBs between ligands and guest water
molecules result in a 3D organic framework (Figure 4.23d).

a)

b)

c)

d)
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Figure 4.23. Single-crystal structure of 31, which is composed of a) the disodium
salt of b) EE2. c) Multiple O-H…O HBs between ligands in 31 unite the individual
EE2 molecules into layers having 4.4 square grid topology, indicating the
potential use of EE2 as a 4-connected linker in MOFs, and d) the additional OH…O HBs between ligands and guest water molecules result in a 3D organic
framework. C = gray; O = red, Na = purple; HBs = light blue.

The arrangement of terminal ligands into the axial positions places them
as interlamellar barriers between adjacent 2D hydrogen bonded sheets in 28,
much like 5 and 12. As demonstrated in Chapter 2, the interlayer distance of
such structures readily can be adjusted through substitution of the axial terminal
with terminal ligands of assorted lengths, while maintaining framework
composition. This phenomenon is of particular interest in MOMs where the
interlayer distance is crucial, i.e. for photodimerization. In fact, the reaction
between copper nitrate and H2CDO in the presence of Pic (rather than Py)
results in a structure, Cu(CDO)(Pic)2(H2O) (32), analogous to 28, where the axial
positions of the trigonal pyramidal CuN2O3 MBB are occupied by the nitrogen
atoms of two Pic ligands rather than two Py ligands. The interlayer distance is
slightly decreased, as evidenced by the overlap of CDO cores of neighboring
metal-organic ladders with a shortened centroid…centroid separation of 3.538 Å,
and inter-ring olefin carbon atom separations of 3.517/3.520 and 3.467/3.572 Å,
respectively (Figure 4.24). This result suggests that photodimerization reactions
can be mediated (promoted or prevented) by co-ligand directed synthesis, which
is supported by the disparity in the interlayer 3,5-PDC distances of 6 and 7
(separated by axial terminal water ligands versus axial terminal Py or DMF
ligands, respectively).
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Figure 4.24. Single-crystal structure of 32, where the inter-CDO distance (pink)
is decreased when the axial positions of the single-copper ions are occupied by
terminal Pic molecules compared to terminal Py molecules in 28. Hydrogen
atoms have been omitted for clarity; C = gray, N = blue; O = red, Cu = green.

Isoreticulation
If the oxygen atom of the ketone, as well as the two carboxylates,
coordinates to a metal, CDO can serve as a 3-connected node in the
construction of MOFs.262 The oxygen atom of the ketone functionality in CDO will
coordinate in a nonlinear fashion, as observed with the N-oxide of 3,5-PDCO in
26, and would therefore be expected to generate isoreticular MOFs, or at least
similar, to those probable from 3,5-PDCO.
Indeed, reaction between nickel nitrate and H2CDO in the presence of Py
results in an fes-like MOF,34 Ni(CDO)(Py)2(H2O)·(DMF)(EtOH) (33), that
resembles 26 (Figure 4.25). As expected, the Ni2+ ions assume octahedral
coordination geometry in situ, where the NiN3O3 MBBs bear resemblance to the
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CuN3O2 MBBs in 26 as the oxygen atoms occupy the desired mer positions.
Also, the carboxylates are trans eclipsed. In contrast, the third coordinated
oxygen atom is from a terminal water ligand rather than from the expected
ketone, resulting in 1D metal-organic chains. However, the chains orient so that
the hydrogen atoms of the terminal water ligands hydrogen bond with the free
ketone oxygen atoms of neighboring chains, resulting in pseudo-T-shaped
single-Ni ion BUs that, when combined with the pseudo-trigonal CDO ligands,
form hydrogen bonded layers corresponding to the 2D fes-MOF of 26. The
single-Ni ion coordination sphere in 33 is completed by the mer nitrogen atoms of
three terminal Py ligands, where trans Py ligands serve as axial interlamellar
barriers and the third Py ligand orients toward the center of the would-be
octagonal windows.
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Figure 4.25. Single-crystal structure of 33 reveals 2D MOF sheets analogous to
the fes-MOF sheets in 26, except that the HOH…OCR hydrogen bonding
(yellow) between coordinated water and CDO ligands, respectively, links
neighboring metal-organic chains to give the 2D fes-MOF. Excepting water
molecules, portions of the terminal ligands and all hydrogen atoms have been
omitted for clarity; C = gray, N = blue; O = red, Ni = green.

In addition to the parent H2CDO molecule, numerous structural analogues
have been synthesized with additional pendant functional groups (e.g. 3-hydroxy4-pyrone-2,6-dicarboxylic acid (meconic acid, HO-H2CDO),273 3-bromo-4-pyrone2,6-dicarboxylic acid (Br-H2CDO), and 3,5-dibromo-4-pyrone-2,6-dicarboxylic
acid (Br2-H2CDO), Figure 4.26.274 which are of interest for the design and
synthesis of novel MOMs, as well as the metal-ligand directed synthesis of
functionalized cage photodimer organic molecules, and their assembly with
single-metal ions can be expected to generate isoreticular MOMs. Furthermore,
another advantage of the H2CDO molecule is that it readily can be modified to
synthesize numerous additional derivatives, including tertiary amines234 and
chiral molecules.275

a)

b)

c)

Figure 4.26. Structural analogues of H2CDO with additional pendant functional
groups: a) HO-H2CDO, b) Br-H2CDO, and c) Br2-H2CDO.
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The heterocyclic ring of H2CDO is susceptible to the addition of ammonia
and primary amines (Figure 4.27) at the oxygen atom position via a condensation
reaction,213 much like cyclic carboxylic acid anhydrides.276 Reaction between
aqueous ammonia and H2CDO yields the commercially available chelidamic acid
(H3CDA);277 however, the reaction of H3CDA with various metal salts has
produced only amorphous powders.

a)

b)

Figure 4.27. H2CDO can react with ammonia to give a) chelidamic acid (H2CDA)
or primary amines to give b) N-alkyl H2CDA derivatives that are analogous to
H2CDO.
Reaction between the simplest primary amine, methylamine (MeNH2), and
H2CDO yields a crystalline product, 32, which was analyzed via SCD and 1HNMR. The NMR spectra indicates the presence of the expected singlet for the
heterocyclic CDA ring protons at ~6.7 ppm and the N-methyl protons appear as a
singlet at ~3.8 ppm, which is further downfield than expected for MeH2CDA. The
crystal structure of 32 reveals that in the solid state, MeH2CDA actually exists as
a prototropic tautomer,213 which is also expected for H3CDA278-279 (Figure 4.28).
There are two such potential tautomers for this molecule: one keto form,
MeH2CDA; and one enol form that can exist subsequently as two zwitterionic
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forms, Me-HO-2,6-HPDC and N-methyl 4-hydroxylatopyridinium-2,6-dicarboxylic
acid (Me-O-2,6-H2PDC) (Figure 4.28). The enol form is aromatic, and therefore is
expected to be in the majority due to resonance stabilization, accounting for the
downfield shift of the methyl peak. In addition, Me-HO-2,6-HPDC should be
expected as the predominant zwitterion in solution, since the carboxylic acid
functional group typically has a pKa ≈ 4.2 and the hydroxyl group typically has a
pKa ≈ 10.0,213 which is supported by its presence in the solid state.

d)

a)

b)

c)

d)

e)

f)

Figure 4.28. a) H2CDA can tautomerize to give b) 4-hydroxypyridine-2,6dicarboxylic acid (HO-2,6-H2PDC), which could exist in one of two zwitterionic
forms: c) 4-hydroxylatopyridinium-2,6-dicarboxylic acid (O-2,6-H3PDC) or, most
likely, d) 4-hydroxypyridinium-2-carboxylato-6-carboxylic acid (HO-2,6-H2PDC).
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Likewise, d) MeH2CDA can tautomerize to give two zwitterionic forms: e) Me-O2,6-H2PDC or f) Me-HO-2,6-HPDC (most likely).
Rationally, reaction between H2CDO and other primary alkylamines should
produce similar results as 32, depending on the length of the alkyl chain. Indeed,
reaction between H2CDO and ethylamine or n-hexylamine (Figure 4.29) results in
a crystalline product (33 and 34, respectively); however, no suitable single
crystals were observed. Nevertheless, the 1H-NMR (Appendix B) of each support
the completion of the reaction and indicate the presence of the aromatic tautomer
due to the location of the peak for the protons on the α-carbon. The NMR
spectrum of 33 indicates the presence of the expected singlet for the aromatic
protons at ~6.7 ppm and the quartet and triplet peaks are characteristic of an
ethyl group. The –CH3 protons appear as a triplet at the expected ~1.3 ppm,
whereas the –CH2 protons appear further downfield than expected as a quartet
at ~4.3 ppm. The NMR spectra of 34 also indicates the presence of the expected
singlet for the aromatic protons at ~6.7 ppm and the two multiplet and two triplet
peaks are characteristic of an n-hexyl group. The –CH3 protons appear as a
triplet at the expected ~0.8 ppm, the β–CH2 protons appear as a multiplet at the
expected ~1.6 ppm, and the γ,δ,ε–CH2 protons appear as one multiplet centered
at the expected ~1.2 ppm, whereas the α–CH2 protons appear further downfield
than expected as a triplet at ~4.3 ppm.
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a)

b)

Figure 4.29. a) N-Ethyl chelidamic acid (Et-H2CDA), and b) N-hexyl chelidamic
acid (Hex-H2CDA).
The lability of the H2CDO molecule can be utilized further. The reaction of
H2CDO and primary amines in the presence of DMSO promotes the
decarboxylation of the H2CDO molecule, resulting in the 4-pyridone derivative
rather than the chelidamic acid derivative.280 This loss of CO2 can be harnessed
to target extended H2CDO-like ligands,281-282 where H2CDO is expanded along
the ketone axis similar to the relationship between 3,5-H2PDC and PMOI. For
example, reaction between H2CDO and 5-aminoisophthalic acid (or diesterprotected) in DMSO will produce 5-(4-pyridonyl)-isophthalic acid (Figure 4.30ab). Additionally, other H2CDO derivatives can be synthesized to include other
chalcogen atoms (i.e. sulfur and selenium)283 (Figure 4.30c) and chirality275
(Figure 4.30d)
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a)

b)

c)

d)

Figure 4.30. Reaction between H2CDO and 5-aminoisophthalic acid will produce
a) a 4-pyridonyl-benzene-tetracarboxylic acid that can form b) 5-(4-pyridonyl)isopthalic acid upon decarboxylation. Other H2CDO derivatives can be
synthesized to include c) sulfur or d) chirality.

Mixed Metal-Organic Frameworks (M’MOFs)
As alluded to earlier in this chapter, the parent H2CDO is a pyrone-based
molecule with a ketone at the 4-position and two carbon-carbon double bonds
within its 6-member heterocyclic ring (C5O). These functions serve collectively as
a pseudo-conjugated system that induces planarity in the molecule similar to
most aromatics. Like the planar aromatics 3,5-H2PDC and 3,5-H2PDCO, H2CDO
is potentially tritopic, having two carboxylic acids (in the 2- and 6- positions) and
the 4-position ketone carbonyl available for coordination with metal ions (Figure
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4.31a-c). The CDO-based MOMs synthesized and described in this chapter have
thus far only revealed examples of CDO as a ditopic and quasi-tritopic (ditopic
with additional hydrogen bonding) ligand.
Reaction between manganese nitrate and H2CDO under solvothermal
conditions results in the first MOF constructed from tritopic CDO ligands,
[Mn3(C7H2O6)3](C2H5OH)2 (37). Further analysis of 37 reveals that the structure
contains manganese dimer MBBs [Mn2(CO)3(CO2)6] (Figure 4.31d-e). The dimers
contain two MnO6 octahedra, and each dimer unit is linked by nine separate
tritopic organic linkers to produce a novel (3,9)-connected 3-D structure.34 To
simplify the determination of the framework topology, the components of 37 can
be represented as their respective building blocks. The CDO ligand can be
depicted as a simple 3-connected triangular node. The 9-connected manganese
dimer building unit (Figure 4.31f) is more complicated, but can simply be viewed
as one of the Johnson solids,129 a triaugmented trigonal prism, though as an
elongated and twisted version due to the presence of non-equivalent triangular
faces, i.e. scalene rather than equilateral triangles (Figure 4.31g). To date, this is
one of the first demonstrations of such a building block in MOFs.106 The
construction of these two types of nodes results in the generation of a 3-D
network having an unprecedented topology34 (Figure 4.31i-j). In the crystal
structure of 37 (Figure 4.31h), each manganese atom is expected to be divalent,
because this oxidation state would yield an overall neutral framework, as Mn3,
although coordinated, does not contribute to the overall topology and merely
serves to balance the charge.
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a)

d)

b)

c)

e)

f)

h)

i)
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g)

j)
Figure 4.31. Single-crystal structure of 37: Chelidonic acid (H2CDO) can be
deprotonated in situ, resulting in a) the divalent anion chelidonate (CDO), which
can coordinate to metal ions in a tritopic fashion (through each of the carboxylate
groups and the ketone functionality) to serve as b) a trigonal node that can be
represented as a triangle polygon. d) Nine CDO ligands coordinate Mn(II) cation
pairs to form e) dinuclear clusters that can be simplified as e) 9-connected nodes
that can be represented as f) triaugmented trigonal prisms. The assembly of
CDO and the dinuclear clusters results in g) a novel 3D MOF that can be
simplified as h) a (3,9)-connected net with an unprecedented topology. i) The
polyhedral representation of 37. Disordered guest molecules and hydrogen
atoms have been omitted for clarity; C = gray, O = red, Mn = purple.

The 3D network of 37 possesses two types of cavities. Each type contains
EtOH solvent molecules, which were found to be disordered around special
positions with s.o.f. = 0.16667 and 0.5. Refinement of the structure showed that
the first of these two positions is fully occupied by EtOH, but the second one is
only occupied by about 40%, indicating partial loss of solvent. The compositions
given above are for an ideal case of full occupancy at both positions. The total
potential solvent area volume was calculated as 2698.8 Å3 per unit cell volume
(9077.3 Å3) or 29.7% upon removal of the disordered EtOH molecules. The
calculated total potential solvent area volume for the as-synthesized 37 is 85.4 Å3
per unit cell volume or 0.9%, taking into account the solvent molecules. A third
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pseudo-cavity is similar to a crown ether or metallacrown,284 serving to
encapsulate the Mn3 cations in the plane of the chelating ligands with capping
carboxylates (Figure 4.32).

Figure 4.32. There are Mn positions in the crystal structure of 37; two Mn exist in
the dinuclear cluster (purple) and contribute to the framework, while the last Mn
(green) is weakly bound in a pseudo-cavity. Hydrogen atoms have been omitted
for clarity; C = gray, O = red, Mn1-2 = purple, Mn3 = green.

The weak interactions between the Mn3 (i.e. borderline between square
planar and octahedral) and the surrounding oxygen atoms of the third type of
cavity suggest the possibility of metal ion exchange in situ. Concurrently, a
divalent metal with a larger ionic radius (Ri)285 than the manganese [Ri = 0.66 Å
for a coordination number(CN) = 4; CN = 6, Ri = 0.83 Å], like cadmium (CN = 4,
Ri =0.78 Å; CN = 4, Ri =0.95 Å), may be suitable, serving to decrease the interatomic distances within the cavity to increase the coordination interactions and
consequently increase the stability of the framework.
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As expected, introduction of cadmium into the reaction solution yields an
isostructural M’MOF,286-287 [Mn1.84Cd1.16(C7H2O6)3](H2O)2 (38). Surprisingly,
crystallographic studies indicate that Mn3, with its weak interactions, is not
completely displaced, and the position is partially occupied by manganese ions
(Table 4.1). Also, it appears that Mn1 and Mn2 are partially replaced by cadmium
ions. This result suggests that the size of the cadmium may not affect its
encapsulation in the cavity. It should be noted that initial atomic absorption
studies indicate a Mn:Cd ratio of 1:4.545, but further studies are pending.
Table 4.1. Select crystallographic data for isostructures 37, 38, 40.
37, T =293K
a = 12.5295(7)Å
b = 12.5295(7)Å
c = 66.766(8)Å
V= 9077(1)Å3
R-3c, Z=12
[Mn3(CDO)3]
(solv)3
R1 = 0.0481
wR2 = 0.1455(all)

Mn1 – 1
Mn2 – 1
Mn3 – 1

37, T =100K
a = 12.481(2) Å
b = 12.481(2) Å
c = 66.673(15) Å
V= 8994(3) Å3
R-3c, Z=12
[Mn3(CDO)3]
(solv)3
R1 = 0.0489
wR2 = 0.1393(all)

38, T=100K
a = 12.5711(14)Å
b = 12.5711(14)Å
c = 66.385(14)Å
V= 9085(2)Å3
R-3c, Z=12
[Mn1.84Cd1.16(CDO)3]
(solv)3
R1 = 0.0756
wR2 = 0.2053 (all)

40, T=100K
a = 12.4298(18)Å
b = 12.4298(18)Å
c = 65.881(19) Å
V= 8815(3) Å3
R-3c, Z=12
[MnCo2(CDO)3]
(solv)3
R1 = 0.0707
wR2 = 00.1941 (all)

Metals composition for the same positions in the structure (from refinement)
Mn1 – 1
Cd1/Mn1 – 0.8/0.2
Co1 – 1
Mn2 – 1
(0.7941/0.20589)
Co2 – 1
Mn3 – 1
Cd2/Mn2-0.2/0.8
Mn3 – 1
(0.20049/0.7995)
Cd3/Mn3 – 0.2/0.8
(0.16701/0.83298)

Mn1-O1=2.189(3)Å
Mn1-O3=2.204(4)Å
Mn2-O2=2.133(3)Å
Mn2-O6=2.183(4)Å
Mn3-O4=2.144(4)Å
Mn3-O3=2.484(4)Å

Metal-ligand distances
Mn1-O1=2.1837(19)Å Cd1/Mn1-O1=
Mn1-O3=2.196(2)Å
2.247(3)Å
Mn2-O2=2.126(2)Å
Cd1/Mn1-O3=
Mn2-O6=2.183(2)Å
2.250(3)Å
Mn3-O4=2.143(2)Å
Cd2/Mn2-O2=
Mn3-O3=2.456(2)Å
2.149(3)Å
Cd2/Mn2-O6=
2.215(3)Å
Cd3/Mn3-O4=
2.136(4)Å
Cd3/Mn3-O3=
2.463(3)Å
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Mn1-O1=2.153(4)Å
Mn1-O3=2.159(4)Å
Mn2-O2=2.098(4)Å
Mn2-O6=2.146(4)Å
Mn3-O4=2.123(5)Å
Mn3-O3=2.469(4)Å

However, reaction between cadmium nitrate and H2CDO (in the absence
of a manganese source) yields [Cd3(C7H2O6)3](H2O)2 (39). As expected, 39 is an
isostructural M’MOF to 37, where all three Mn2+ ions have been completely
replaced by Cd2+ ions. Therefore, the assumption that the M3 position is
incapable of encapsulating the larger Cd2+ ions has been completely disproved.
Nonetheless, the fact that a singular parent MOF readily can be modified
to contain new pure metal ions and mixed-metal ions, all isostructural, suggests
that a class of isostructural MOFs can be targeted via various divalent metal
cations. This diversification of metal ion composition introduces the ability to tune
the material properties depending on the type and relative ratios of metal ions
used.286-287 Indeed, a series of isostructural compounds have been synthesized
by reaction between various divalent metal cations (Co, Cd, Fe, Mg, Mn and
combinations thereof) and H2CDO under solvothermal conditions.
Indeed, the introduction of cobalt nitrate into the reaction between
manganese nitrate and H2CDO under similar reaction conditions yields a
homogeneous microcrystalline material, [MnCo2(C7H2O6)3] (40), that is
isostructural to 37-39 as determined by crystallographic analysis. The identity of
40 was confirmed by similarities between experimental PXRD patterns and those
of the parent 37. Initial atomic absorption analysis indicates a Mn:Co ratio of
1:2.279, which is in good agreement with the crystallographic analysis (Table
4.1) and suggests that 40 has a different mixed-metal cation distribution from 38.
In this instance, Mn3, even with its weak interactions, is not displaced from the
cavity, and the position is fully occupied by manganese ions. However, Mn1 is
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completely replaced by cobalt ions, and the Mn2 position is also fully occupied by
cobalt ions. This result might suggest that encapsulation of the larger Mn2+ ions
in the cavity is favored, assuming that the divalent cobalt ions may be too small
for encapsulation with a smaller ionic radius (CN = 4, Ri = 0.56 Å; CN = 4, Ri
=0.65 Å).285 That is, the smaller size of the Co2+ ions would result in longer bond
distances to the surrounding oxygen atoms minimizing weak interactions, which
is in direct contrast to the disproved assumption for Cd2+ ions. Though cobalt
typically assumes the desired octahedral coordination geometry in situ, the pure
Co2+ analogue has not yet been synthesized. Under similar reaction conditions,
reaction of cobalt nitrate and H2CDO only results in dicobalt di-CDO clusters (41)
or amorphous powders.
The introduction of iron(III) nitrate into the reaction between manganese
nitrate and H2CDO under similar reaction conditions yields another M’MOF,
[MnxFe3-x(C7H2O6)3] (42) that is isostructural to 37-40. The identity of 42 is
supported by similarities between experimental PXRD patterns and those of the
parent 37. Initial atomic absorption analysis of 42 indicates that there is only a
seemingly negligible amount of iron present in the structure, which may be
attributed to the precipitation of iron oxides, but further studies are necessary.
The pure Fe2+ analogue, [Fe3(C7H2O6)3] (43), has been synthesized under similar
reaction conditions, but no suitable single crystals were obtained. The identity of
43 is supported by similarities between and experimental PXRD patterns and
those of the parent 37. An additional isostructural M’MOF has been obtained
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from Cd and Co, [CdxCo3-x(C7H2O6)3](C2H5OH)2 (44), as supported by PXRD
analysis. Atomic absorption analysis is pending.
Thus far only bi-metal structures, M’MOFs, have been discussed, but the
presence of three metal positions in the crystal structure of the parent 37
suggests that tri-metal structures could be synthesized, hereafter referred to as
M”M’MOFs. Indeed, reaction between manganese, cadmium, and cobalt nitrates
and H2CDO results in an isostructural M”M’MOF, [MnxCdyCo3(x+y)(C7H2O6)3](C2H5OH)2

(45), as determined by crystallographic analysis. Initial

atomic absorption analysis indicates a relative ratio of 1.326:13.133:1,
respectively, but further studies are necessary. In addition, reaction between
manganese, magnesium, and cobalt nitrates and H2CDO results in another
isostructural M”M’MOF, [MnxMgyCo3-(x+y)(C7H2O6)3](C2H5OH)2 (46), as supported
by PXRD analysis. Atomic absorption analyses are pending.
MOFs containing particular metal ions or arrangement of metal ions are
known to exhibit interesting magnetic properties,45,204, 215,218,221,224 including some
M’MOFs.288-290 With the ability to incorporate a variety of metal ions within the
same framework, combined with the inorganic subnetwork (Figure 1.10),214 this
series of (3,9)-connected MOFs, M’MOFs, and M”M’MOFs offers great potential
to study the affect of metal ion diversity on magnetism. The magnetization (M) vs.
magnetic field (H) curves for 37, 40, 42, and 43 are shown in Figure 4.33. The MH curve for 37, displayed in a field range from -50 kOe to 50 kOe at 5 K, shows a
typical linear paramagnetic type behavior. On the other hand, the M-H curves for
40, 42, and 43 exhibit a range of nonlinearity, indicating the presence of varying
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degrees of ferromagnetic ordering.225 These results suggest the ability to tune
magnetism based on the metal composition of the parent MOF.
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Figure 4.33. M-H loops at 5 K as a result of: 37 (black), showing paramagnetic
behavior; and 40 (red), 42 (green), and 43 (blue), indicating tunable variance in
ferromagnetic ordering based on metal content.

The tri-metal composition (three metal positions) of the parent 37 also
suggests that trivalent metal ions could be used to target a bi-metal MOF
possessing the same basic framework. The use of trivalent metals that can
possess octahedral coordination geometry in situ (e.g. In3+, Al3+, and possibly
lanthanides), could sustain the M2(OC)3(O2C)6 clusters necessary for the
framework backbone, maintaining the M1 and M2 positions, while leaving the M3
position vacant. The trivalent metals would preserve the charge balance and
simultaneously provide novel attributes, i.e. lower density (Al3+) or optical
properties (Ln3+).291-292 Unfortunately, reactions between indium or lanthanide
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nitrates and H2CDO only have yielded amorphous powders. Reactions between
aluminum nitrate or chloride and H2CDO have produced crystalline materials, but
analysis of the crystal structures reveals simple Al-oxalate MOFs, suggesting that
H2CDO decomposes under these conditions.

Conclusion
The utilization of MOMs as scaffolding agents for organic synthesis has
been illustrated, especially [2+2] photodimerization of higher dimensional olefins,
specifically H2CDO. A novel pathway to organic synthesis, i. e. isolation of
desirable photodimers, has been introduced, and has proven that higher
dimensional cage dimers can be targeted using metal-ligand directed assembly.
This novel method complements previous similar reactions that have been
achieved only via hydrogen bonding of simple pyridine- or, more recently,
carboxylate-based olefins and complementary HB donors/acceptors, and, only
very recently, have involved coordination chemistry. Recent results also indicate
that this approach may be used to target ladderanes. In addition, the functional
groups present on H2CDO as allow for the design and synthesis of novel MOFs
from CO- and (CO2)- hetero-coordination of single-metal ions, including
isoreticular MOFs and a series of isostructural MOFs, M’MOFs, and M”M’MOFs
which support the facile tunability of MOFs through metal ion substitutions and
magnetic tuning. The lability of the parent H2CDO molecule indicates the
potential of this approach to target molecularly similar higher dimensional olefins,
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i.e. chelidamic acid and meconic acid, for the design and synthesis of novel
MOMs and organic photodimers.
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Chapter 5:
Applications for MOMs:
Hydrogen Storage and Inelastic Neutron Scattering

Introduction
One of the most prominent applications for which porous MOMs appear to
have great potential is gas storage, especially hydrogen storage.157 As
mentioned in Chapter 1, MOF chemistry has introduced materials with some of
the highest surface areas and hydrogen storage capacities for any porous
material. However, the U. S. Department of Energy (DOE) target(s)164 for
hydrogen storage have not been met to date. In order to achieve these goals, an
understanding of the hydrogen-MOF interactions is critical to the eventual design
and synthesis of superior hydrogen storage materials.104 The most effective and
sensitive method to study these interactions is inelastic neutron scattering (INS),
which allows the inference of specific hydrogen binding sites on the
MOF.9d,96k,293-295 This chapter will discuss the INS technique and its relevance to
MOFs, as well as hydrogen storage with respect to the strength of its interactions
associated with binding sites in several MOFs.
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Background
Hydrogen Storage
Alternative energy sources have become a major area of scientific interest
in recent years due to the increased global awareness of the depleting fossil fuel
supply, air pollution, and global warming (via greenhouse gas emissions).
Research in hydrogen gas storage has burgeoned lately, because molecular
hydrogen offers a source of energy that is clean (water being the only
combustion byproduct), efficient, and reliable.104 This is supported by the fact that
the U. S. Department of Energy (DOE) has initiated programs and grants to
accelerate the development of a hydrogen economy.164
In order to realize a hydrogen economy, hydrogen storage technologies
must be safe and reliable while achieving the necessary performance levels at a
suitable cost to the consumer; mobile (vehicles and delivery tankers), stationary
(power plants and fueling stations). The goal of the DOE is to achieve on-board
hydrogen storage that allows suitable vehicular travel (more than 300 miles) in a
safe, cost-effective manner. To address these needs, the DOE has funded
research in areas with the largest potential, including hydrogen storage materials
based on chemisorption (metal hydrides) and physisorption (MOFs).164
MOFs are of particular interest, because they are synthesized under mild
conditions, stable and porous upon evacuation, modular (readily
functionalizable),25 and can be designed to contain accessible windows and
nanoscale cavities (often decorated with adjustable open metal sites) suitable for
H2 sorption.104 However, to date no material has achieved the design target(s) set
244

by the DOE for a hydrogen storage system for automobile fueling (near ambient
temperature and pressure, light weight, and fast kinetics): 6 % hydrogen per
weight (2 kWh/kg) by 2010 and 9 % hydrogen per weight (3 kWh/kg) by 2015. 164

Inelastic Neutron Scattering
In order to achieve these goals, an detailed, atomic-level understanding of
the interactions of the sorbed hydrogen with the MOF framework is critical to the
eventual design and synthesis of superior hydrogen storage materials. The most
effective and sensitive method to study these interactions is inelastic neutron
scattering (INS) from the hindered rotations of the hydrogen molecule, which
provides a measure of specific interactions of dihydrogen at the adsorption sites
in the MOF. 9d,96k,293-295
The sensitivity296-297 to hydrogen atoms is a unique advantage in the use
of neutrons, because hydrogen has the largest incoherent scattering cross
section of any element (Figure 5.1).298-299 In other words, neutron scattering is
more sensitive to hydrogen atoms than any other nucleus. This in direct contrast
to other photon-based scattering techniques (e.g. x-ray), where the scattering
strength is dependent on the number of electrons present in the individual
atom.300 As a result, it is difficult to locate light atoms such as hydrogen with just
one electron among heavy atoms. For an accurate determination of hydrogen
positions, neutron diffraction is the method of choice. In addition, spectroscopic
studies using INS studies can be carried out on the hindered rotor transitions of
adsorbed molecular hydrogen, which tend to occur at much lower energies than
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vibrational modes involving hydrogen atoms on the organic ligands, so that the
former provide unique information on the strength of interaction between
dihydrogen and associated binding sites in MOFs. In addition to MOFs, INS has
been useful in interpreting hydrogen adsorption/interactions in numerous porous
materials, including zeolites,301-305 nanoporous nickel phosphate VSB-5,306 C60,307
and carbon nanostructures.308-310

Figure 5.1. Neutron scattering (incoherent – red, coherent – blue) and absorption
(green) cross-sections for select elements and the deuterium isotope. Adapted
from Eckert, J. Spectrochimica Acta, 1992, 48A(3), 271-283.

The interaction of molecular hydrogen with the atoms surrounding at a
particular binding site in MOFs introduces a barrier to rotation of the respective
dihydrogen molecule.293 The free rotation (zero barrier) of the hydrogen molecule
(a dumbbell-like molecule) has two degrees of freedom and can be quantized
with energy levels (Figure5.2), E = BJ(J+1), where E = energy, B = the rotational
constant, and J = the quantum number. Introduction of a barrier to rotation of the
hydrogen molecule changes the energy level separations and lifts some of the
degeneracy of the J=1 levelof the free rotor. The transition between the lowest
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two levels (which we number sequentially as 0 and1) is in fact a rotational
tunneling transition which is extremely dependent on and sensitive to the barrier
height. These transitions are readily detected by INS, but are forbidden in optical
spectroscopy as they involve a change in the nuclear spin of the molecule. It is
necessary, however, to choose a model311 for the rotational potential energy
surface in order to assign the INS spectra and attempt to deduce the relative H2
binding sites within a given MOF material.9d,96k,293-295

Figure 5.2. Energy level diagram for rotation with two degrees of freedom of a
dihydrogen molecule in a double minimum potential. Courtesy of Dr. Juergen
Eckert at the University of California – Santa Barbara (UCSB).
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Experimental
Materials and Methods
Unless otherwise described in the Synthesis and Characterization section
of this chapter, all compounds were previously synthesized by the Eddaoudi
Group in the Department of Chemistry at the University of South Florida (USF) in
Tampa, Florida.

Inelastic Neutron Scattering (INS). The samples were first exchanged
and washed at USF, and sorption studies were conducted prior to determine the
porosity and hydrogen uptake for each MOF. According to the respective
sorption protocol, the samples were prepared and then sealed in solvent and
shipped to Argonne National Laboratory in Argonne, Illinois, where they were airdried and subsequently evacuated at the appropriate temperature in a vacuum
tube on site at the Intense Pulsed Neutron Source (IPNS). The guest-free (blank)
samples were transferred to an aluminum sample container, sealed under He
atmosphere, and connected to and external gas dosing system. INS spectra of
hydrogen adsorbed in the MOFs were collected on the Quasi Elastic Neutron
Spectrometer (QENS, Figure 5.3) instrument (neutron energy loss) at the IPNS
facility (Figure 5.4). After obtaining a spectrum of the blank sample (no H2), H2
was adsorbed in situ at various loadings with the sample at approximately 78 K,
and equilibrated before cooling to the data collection temperature of
approximately 15 K.
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Figure 5.3. Diagram of the Quasielastic Neutron Spectrometer (QENS) at the
Intense Pulsed Neutron Source (IPNS) of Argonne National Lab (ANL). Diagram
from http://www.pns.anl.gov/instruments/qens/.

Figure 5.4. Diagram of the neutron facilities at the Intense Pulsed Neutron
Source (IPNS) of Argonne National Lab (ANL). Diagram adapted from
http://www.pns.anl.gov/operations/ and
http://www.pns.anl.gov/operations/images/Diag-Overall.jpg.

INS Model. For reasons of simplicity, the energy eigenvalues for the
rotations of H2 with two angular degrees of freedom in a double-minimum
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potential are used. Transitions for the hindered H2 rotor are labeled (e.g. 0-1) as
being between energy levels that are numbered 0, 1, 2, with increasing energy.
These numbers are not to be taken as the rotational quantum number J, which is
only appropriate for the free rotor. In the absence of a barrier to rotation the
lowest transition is that between ortho- and para-H2 and it occurs at 14.7 meV (or
119 cm-1, = 2B). The interaction of the sorbed hydrogen molecule with the host
material gives rise to a barrier to rotation which in turn partially lifts the
degeneracy of the J=1 level. The lowest transition frequency for the hindered
rotor (between the J=0 and the J=1, mJ=0 states, which is subsequently referred
to as the “0-1” transition) decreases approximately exponentially with increasing
barrier height (rotational tunnel splitting) and is thereby extraordinarily sensitive
to small differences in barrier height (Figure 5.2).9d,96k,293-295

Synthesis and Characterization
Synthesis of [Cu(PTMOI)]n (47). 5,5’,5”-[1,3,5-phenyltris(methoxy)]triisophthalic acid (H6PTMOI) was synthesized in the same manner as H2PMOI
[1H-NMR (CDCl3): 4.3 ppm (s, 18H), 5.5 ppm (s, 6H), 7.8 ppm (s, 3H), 8.2 ppm
(s, 6H), 8.6 ppm (s, 3H)]. Cu(NO3)2·2.5H2O (9.3 mg, 0.084 mmol) and H6PTMOI
(8.1 mg, 0.056 mmol) were added to a solution of DMF (1 mL) and water (1 mL)
in a 20 mL scintillation vial, heated at a constant rate 1.5°C/min to 85°C for 12 h,
then cooled at a constant rate 1°C/min to room temperature, heated at a constant
rate 1.5°C/min to 105°C for 23 h, then cooled at a constant rate 1°C/min to room
temperature, heated at a constant rate 1.5°C/min to 115°C for 23 h, then cooled
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at a constant rate 1°C/min to room temperature. The as-synthesized green
octahedral crystals are insoluble in water and common organic solvents.
SCD Analysis of 47. CuC11H4O6: M = 295.68, cubic, Fm-3, a = 41.445(3)
Å, b = 41.445(3) Å, c = 41.445(3) Å, α = 90°, β = 90°, γ = 90°, V = 71189(10) Å3,
Z = 96, Dc = 0.662 Mg m-3, µ = 0.742 mm-1, 26448 [(R(int) = 0.1153] reflections
of which 2945 assumed as observed (I > 2σ(I)). Final R1 = 0.3126, wR2 =
0.6404.

Synthesis of [Zn(PTMOI)]n (48). Zn(NO3)2·6H2O (9.3 mg, 0.084 mmol)
and H2PTMOI (8.1 mg, 0.056 mmol) were added to a solution of DMF (1.5 mL)
and ethylene glycol (0.5 mL) in a 20 mL scintillation vial, heated at a constant
rate 1.5°C/min to 85°C for 12 h, and then cooled at a constant rate 1°C/min to
room temperature. The as-synthesized colorless octahedral crystals are insoluble
in water and common organic solvents.

Results
Most of the INS experiments were conducted on compounds previously
synthesized by the Eddaoudi Group in the Department of Chemistry at USF, and
some of their structures and sorption properties have been published elsewhere,
unless otherwise noted in this chapter. To determine prospective interaction sites
(in order of binding strength) in MOFs using the INS spectra, quantities of
hydrogen gas less than the observed maximum uptake for the respective MOF
were loaded, i.e. 0.33-1.0 H2 per framework metal. Typically at the lowest
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loading, more than one peak was observed for each MOF; peaks in the INS
spectra (with the blank run subtracted) were assigned on the basis of the model
described in the Experimental section of this Chapter. In most cases, as the
loadings were increased (up to 7 H2 per metal for soc-MOF)96k, the initial sites
were filled (characterized by an increase in intensity at the respective site that is
consistent with the overall background increase) and new sites became apparent
(occurrence of peaks that were not previously present). All peaks are assigned
using the model for the hindered rotations of bound H2 described in the
Experimental section of this chapter.

Single-Metal-Ion-Based MOMs
rho-ZMOFs. INS spectra for a series of as-synthesized and ionexchanged In-ImDC rho-ZMOFs121 were collected. For the as-synthesized DMArho-ZMOF {[In48(HImDC)96]48-}n·n{[(DMA)48]48+(solvent)}, where DMA indicates
the dimethylammonium extra-framework cations (Figure 5.5), hydrogen was
loaded at 0.5, 1, 1.5, and 3 H2 molecules per indium atom, as well as a blank (no
H2) run to determine the background spectra of the compound. At the lowest
loading DMA-rho-ZMOF appears to have at least four peaks (Table 5.1),
indicative of the presence of reasonably well-defined binding sites,96k in addition
to an underlying broad intensity that spans the observed range (Figure 5.6).
Increasing the doses, up to 3 H2/In, reveals no new peaks, but merely an
increase in the intensity of the existing peaks consistent with the overall
background intensity increase.
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a)

b)

Figure 5.5. a) The dimethylammonium cation found in the cavities of DMA-rhoZMOF. b) A depiction of space-filled view of the same counterion.
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Figure 5.6. a) Inelastic neutron scattering spectra of DMA-rho-ZMOF obtained at
15 K for loadings of 0.5, 1, 1.5, and 3 H2/In. Courtesy of Dr. Juergen Eckert at
UCSB.
Table 5.1. Rotational transitions (meV) for hydrogen adsorbed on various sites in
DMA-rho-ZMOF.
Transition
0-1
0-2
1-2
Barrier (V/B)
Frequency
strong band
weak band
calculated
(meV)
4.3
26.5
22.2
7.4
8.0
20.0
12.0
4.0
10.8-11.0
17.0-17.2
6.0-6.2
2.0-2.1
13.5
15.3
1.8
0.6
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For the ion-exchanged Li-rho-ZMOF {[In48(HImDC)96]48-}n·n{[(Li+)48]
(solvent)}, hydrogen was loaded at 0.5, 1, 2, and 4 H2 molecules per indium
atom, as well as a blank (no H2) run to determine the background spectra of the
compound. Li-rho-ZMOF also appears to have at least four peaks at the lowest
loading (Table 5.2), indicative of the presence of reasonably well-defined binding
sites,96k in addition to an underlying broad intensity similar to DMA-rho-ZMOF
(Figure 5.7). At the second loading, 1 H2/In, Li-rho-ZMOF exhibits an additional,
rather broad intensity in the region between about 6 and 10 meV compared to
DMA-rho-ZMOF. This broad intensity continues to increase, relative to the overall
background intensity increase, up to 4 H2/In.

Figure 5.7. a) Inelastic neutron scattering spectra of Li-rho-ZMOF obtained at 15
K for loadings of 0.5, 1, 2, and 4 H2/In. Courtesy of Dr. Juergen Eckert at UCSB.
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Table 5.2. Rotational transitions (meV) for hydrogen adsorbed on various sites in
Li-rho-ZMOF.
Transition
0-1
0-2
1-2
Barrier (V/B)
Frequency
strong weak
calculated
(meV)
band band
3.0
31
28
9.45
4.5
26.1
21.6
7.2
7.3
20.8
13.3
4.5
9.5
18.3
8.8
2.9
11.0
17.0
22.2
2.0
12.0
16.2
4.2
1.4
14.0
15.1
1.1
0.4
For the ion-exchanged Mg-rho-ZMOF {[In48(HImDC)96]48-}n·n{[(Mg2+)24]
(solvent)}, hydrogen was loaded at 0.25, 0.5, and 1 H2 molecules per indium
atom, as well as a blank (no H2) run to determine the background spectra of the
compound. As with the previous rho-ZMOFs, Mg-rho-ZMOF appears to have at
least four peaks at the lowest loading (Table 5.3) and an underlying broad
intensity (Figure 5.8). The most intense peaks occur in a range above 10 meV at
higher doses.
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Figure 5.8. a) Inelastic neutron scattering spectra of Mg-rho-ZMOF obtained at
15 K for loadings of 0.25, 0.5, and 1 H2/In. Courtesy of Dr. Juergen Eckert at
UCSB.
Table 5.3. Rotational transitions (meV) for hydrogen adsorbed on various sites in
Mg-rho-ZMOF.
Transition
0-1
0-2
1-2
Barrier (V/B)
Frequency
strong weak
calculated
(meV)
band band
7.2
21.2
14.2
4.8
8.0
10.5
17.4
6.9
2.3
12.0
16.2
4.2
1.45
13.0
15.6
2.6
0.9
14.0
15
1.0
0.35

MOC-2. INS spectra for an In-ImDC metal-organic cube,
{[In8(HImDC)12]·(solvent)} (MOC-2 or aco-ZMOF), were collected at 1, 2, and 3
H2 per indium, as well as a blank (no H2) run to determine the background
spectra of the compound. In contrast to the previous ZMOFs, the spectra (Figure
5.9) are all rather broad, which indicates the presence of a rather substantial
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adsorption site heterogeneity. Nevertheless, some peaks can be distinguished
(Table 5.4), and, similar to the rho-ZMOFs, there exists an underlying broad
intensity that increases in intensity as a function of hydrogen loading. At the
lowest loading of 1 H2/In, multiple peaks are observed (Table 5.4). There are
strong peaks at 11 and 14 meV, and some weaker peaks, at 10 and 11.7 meV,
are associated with the peak at 11 meV (shoulders). Increasing the doses up to 3
H2 per formula unit reveals no new peaks, but mainly an increase in the intensity
of existing bands.

Figure 5.9. a) Inelastic neutron scattering spectra of MOC-2 (aco-ZMOF)
obtained at 15 K for loadings of 1, 2, and 3 H2/In. Courtesy of Dr. Juergen Eckert
at UCSB.
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Table 5.4. Rotational transitions (meV) for hydrogen adsorbed on various sites in
MOC-2 (aco-ZMOF).
Transition
0-1
0-2
1-2
Barrier (V/B)
Frequency
strong weak
calculated
(meV)
band band
11.0
17.0
6.0
2.0
10.0
17.8
(8.0)
2.6
11.7
16.5
(4.8)
1.6
14
15.1
(1.1)
0.4
13.2
15.6
(1.4)
0.8

Carboxylate-Cluster-Based MOFs
soc-MOF. INS spectra for soc-MOF,
[In3O(ABBDC)1.5(H2O)3]n·n(H2O)3(NO3),96k were collected at 1, 2, 3, 5, and 7 H2
per indium, as well as a blank (no H2) run to determine the background spectra of
the compound. The spectra (Figure 5.10) indicate the presence of reasonably
well-defined binding sites, based on the appearance of several peaks similar in
quality to those previously observed in MOFs.
At the lowest loading of 1 H2/In, multiple peaks are observed (Table 5.5).
Increasing the dose to 3 H2/In reveals no new peaks, but merely an increased
intensity of the peaks around 12.7 and 14.1 meV, relative to the overall
background intensity increase. Increasing the loading to doses higher than 5
H2/In reveals some additional peaks (Table 5.5), which are more apparent in the
difference spectra (Figure 5.10).
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Figure 5.10. a) Inelastic neutron scattering spectra of soc-MOF obtained at 15 K
for loadings of 1, 3, and 5 H2/In, and b) difference spectra. New peaks appearing
at the highest loading become evident in the difference spectra in (b).
Table 5.5. Rotational transitions (meV) for hydrogen adsorbed on various sites in
soc-MOF.
Transition
0-1
0-2
1-2
Barrier (V/B)
Frequency
calculated
(meV)
Sites
4.8
25.3
20.5
6.8
12.7
15.9
3.2
1.05
13.3
15.4
2.1
0.7
14.1
15.0
1.1
0.3
Additional
11.8
16.4
4.6
1.55
sites
11.2
16.9
5.7
1.9
~9.5
18.3
8.7
3.0
rht-MOF. INS spectra for rht-MOF, [Cu6O(TZI)3(H2O)9(NO3)]n·(H2O)15,127
were collected at 0.33 and 0.5 H2 per copper, as well as a blank (no H2) run to
determine the background spectra of the compound. The spectra (Figure 5.11)
indicate the presence of reasonably well-defined binding sites, based on the
appearance of several peaks similar in quality to those previously observed in
MOFs.293-295
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Figure 5.11. a) Inelastic neutron scattering spectra of rht-ZMOF obtained at 15 K
for loadings of 0.33 and 0.5 H2/In. Courtesy of Dr. Juergen Eckert at UCSB.
The first loading was performed at 0.5 H2/Cu, and multiple peaks were
observed (Figure 5.11). The sample was evacuated, and reloaded with a smaller
dose, 0.33 H2/Cu to potentially distinguish which sites might be occupied first (i.e.
the sites to be occupied first will present peaks at lower doses). Decreasing the
dose to 0.33 H2/Cu reveals the absence of the peak at ~8 meV; however, the
peak around 13 meV is present (Figure 5.11). These are preliminary results, and
assignments based on the INS model have not been determined yet.

Discussion
Preliminary studies have demonstrated that MOMs have the ability to
store larger amounts of non-cryogenic hydrogen than amorphous porous carbon
and inorganic zeolites.104 To help understand this increased storage and
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potentially determine new routes to higher uptake in MOMs, the dihydrogenMOM interactions have been studied using INS techniques, and the results have
suggested that dihydrogen can interact with various components of the
framework, including organic and inorganic.9d,96k,203-205 These studies indicate
that open metal sites are of particular interest, because of the strength of the
interactions, associated with a larger barrier to rotation of the dihydrogen
molecule.96k,104 Nevertheless, compounds have exhibited high hydrogen storage
and relatively large isosteric heats of adsorption (indicative of high hydrogenframework interactions) that do not possess open metal sites.9b,203-205 In depth
INS studies may reveal the origination of these interactions, sites, and/or
respective metal-organic constituents responsible, such as extra-framework
metal ions introduced via ion exchange.148

Single-Metal-Ion-Based MOMs
rho-ZMOFs. Extensive studies on zeolites have shown that the majority of
interactions with hydrogen are associated with the extra-framework inorganic
cations.301-305 Zeolites are capable of ion exchange with various inorganic
cations, and studies have indicated that lithium and magnesium ions are
especially suited to increasing hydrogen interactions. As such, materials with
similar topologies and characteristics, i.e. anionic ZMOFs, should exhibit similar
increased hydrogen interactions upon ion exchange with inorganic cations (e.g.
Na+, Li+, Mg2+), which already have shown permanent porosity and full ion
exchange capability (as described in Chapter 1).121
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Hydrogen sorption isotherms were collected on all three rho-ZMOFs,
DMA-, Li-, and Mg-rho-ZMOF, after exchange with a volatile solvent (acetonitrile)
and complete evacuation of the materials under vacuum (Figure 5.12a-b). At
1atm, all three materials exhibit higher hydrogen uptake than their purely
inorganic zeolite counterpart.312-314 In addition, the as-synthesized DMA-rhoZMOF stores more hydrogen than the ion-exchanged rho-ZMOFs (Li- and Mg-);
2.23 H2/In versus 1.99 and 1.97 H2/In, respectively. However, at pressures below
0.02 atm, the Li-rho-ZMOF and Mg-rho-ZMOF isotherms appear to increase
more rapidly than the isotherm of the parent DMA-rho-ZMOF, which is indicative
of stronger interactions within the ion-exchanged compounds at lower pressures.
Analysis of the isosteric heats of adsorption of each compound Figure 5.12c)
supports this observation, as the highest values were observed for the ionexchanged rho-ZMOFs (9.1 and 9 kJ/mol, respectively), while the parent
compound exhibited the lowest value of 8.3 kJ/mol, which are all similar to the
literature values for MOFs.104

a)

b)
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c)
Figure 5.12. a-b) Hydrogen sorption isotherms and c) isosteric heats of
adsorption on DMA-, Li-, and Mg-rho-ZMOFs; courtesy of Farid Nouar of the
Eddaoudi Group at USF.

Ion-exchange has been extensively studied in conventional anionic
zeolites, and hydrogen sorption studies have shown that the accessibility of the
extra-framework cations plays an important role in hydrogen interactions.301-305
For example, in zeolite A (Linde Type A, LTA) and zeolite X (Linde X, faujasite,
FAU),13 stronger H2-cation interactions are observed for the highly undercoordinated and exposed Li+ or Na+ cations versus those located in the sixmember ring window, where the cation is surrounded by six oxygen atoms and
may be partially blocked.315 The locations of the cations in rho-ZMOFs have not
been determined yet, but the large number of oxygen atoms present on the
ligand and oriented toward the cavities suggest that the metal cations also could
be interacting with the ZMOF framework (Figure 5.13), likewise potentially
blocking some hydrogen binding sites that might otherwise be present, e.g. in the
DMA framework.
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a)

b)

Figure 5.13. (a) The HImDC ligand in DMA-rho-ZMOF may offer a site for (b) the
interaction of metal cations (M) ion-exchanged into the framework.
To understand the potential dihydrogen-ZMOF interactions, the INS
spectra (Figure X) of hydrogen adsorbed onto the rho-ZMOFs at various loadings
were collected, and all of the spectra are of similar quality and exhibit
comparable peaks and intensities, which is in good agreement with their
relatively uniform hydrogen sorption properties. All of the spectra exhibit some
well-defined peaks that can be assigned using the model described in the
Experimental section of this Chapter, but a very broad intensity is present in each
spectrum that most likely arises from a range of non-specific binding sites.
Again, the lack of structural information regarding the location of the extraframework cations, prevents specific determination of a particular site that can be
correlated to this broad intensity. However, previous work on some Li+exchanged zeolites315 shows that the hydrogen interaction sites with the
relatively inaccessible Li+ in the six-member ring windows gives a broad band.
The more exposed Li+ cations (for LiX) typically give sharp peaks, but, in the
case of Li-rho-ZMOF, the distinguishable peaks are rather broad. This
occurrence of less well-defined sites may be explained by previous studies on
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zeolite A, where the width of the INS peak for H2 is associated with the fact that
the dihydrogen molecule can occupy various positions around the extraframework cation dependent of the relative proximity of neighboring cations. Lirho-ZMOF has a large number of Li+ cations inside the cavities [48 per unit cell,
whereas only 24 Mg2+ per unit cell are needed (Figure 5.14)], which could
produce a similar situation to that in zeolite A (i.e. crowding of the guest cations)
and give rise to broader peaks in the INS spectra.

a)

b)

c)
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Figure 5.14. Depiction of the respective cations in the unit cell of (a) DMA-rhoZMOF, (b) Li-rho-ZMOF, and (c) Mg-rho-ZMOF. Note that 48 cations are present
in the former two, while only 24 cations are present in the latter. C = gray, O =
red, N = blue, In = green, H = white, Li = purple, Mg = light green.
Comparison between the INS spectra of the as-synthesized and ionexchanged rho-ZMOFs should allow distinction between the framework binding
sites and extra-framework cation sites at similar loadings of H2, as well as the
difference in strength of interactions. At a dose of 1H2/In, Li-rho-ZMOF presents
an extra, broad intensity, compared to DMA-rho-ZMOF, in the range of 6 to 10
meV, which is consistent with the previously discussed sites associated with the
less accessible Li+ ions of LiA and LiX. These findings suggest that at least some
of the hydrogen sorption sites in Li-rho-ZMOF are the result of interactions with
the Li+ ions, again when compared to the as-synthesized DMA-rho-ZMOF. Thus,
the interaction of dihydrogen with the Li+ cations, in addition to the framework
sites, may account for the higher isosteric heats of adsorption in Li-rho-ZMOF.
The INS spectra of H2 in Mg-rho-ZMOF and DMA-rho-ZMOF are relatively
consistent across the range of doses. However, at the lowest loading of 0.5
H2/In, Mg-rho-ZMOF exhibits a spectrum more similar to Li-rho-ZMOF, with a
broad intensity below 10 meV that is indicative of the presence of some stronger
binding sites, possibly associated with the extra-framework Mg2+ ions. Again, the
interaction of dihydrogen with the Mg2+ cations may account for the higher
isosteric heats of adsorption in Mg-rho-ZMOF at lower pressures.
At the highest loading (1 H2/In), the INS spectrum for Mg-rho-ZMOF
exhibits more intense peaks in the region above 10 meV. Similar results have
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been obtained for the adsorption of dihydrogen on the (100) surface of MgO,
where a well-defined peak is observed at 11 meV. This peak was assigned to a
binding site where a dihydrogen molecule was positioned over the layer of
oxygen atoms associated with each magnesium atom. In other words, the Mg2+
ions in Mg-rho-ZMOF could be encompassed by oxygen atoms in manner similar
to the Mg atoms in MgO316 (i.e. the Mg2+ ions are surrounded by the oxygen
atoms of ImDC that point into the cavities of Mg-rho-ZMOF).
These inferences are made based on the strength of binding energies
observed in previously studied compounds, in combination with the structural
information (i.e. the crystal structure). However, the ability to determine the
location(s) of extra-framework cations is beyond the scope of simple singlecrystal x-ray diffraction if the cations are disordered over several positions (in
essence, aperiodic), which is common for most guest molecules within a host
framework. Thus, accurate determination of the binding sites in the ionexchanged rho-ZMOFs without structural information on the specific locations of
the extra-framework cations is limited, and further studies are needed to locate
these cations in the rho-ZMOF host.

MOC-2. A variety of 3D MOFs are known to exhibit permanent porosity
and hydrogen storage capability, but few other types of MOMs (i.e. 2D MOFs or
metal-organic polyhedra (MOPs)) have shown the ability to sorb hydrogen gas.104
However, as described in Chapter 3, pillaring of 2D MOFs to generate 3D MOFs
that exhibit permanent porosity has shown great promise toward producing
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hydrogen storage materials.201-202,231-232 Likewise, the ability to generate stable
3D MOFs from MOPs would appear to offer similar potential.127,132-133

a)

b)

Figure 5.15. (a) FCC packing mode of cubes. (b) BCC packing mode of cubes.
Figures courtesy of Dorina F. Sava of the Eddaoudi Group at USF.

Studies on MOCs, like the one described in Chapter 4, have revealed that
these MOCs can pack in a variety of ways, e.g. face-centered cubic (FCC) and
body-centered cubic (BCC) packing modes196 (Figure 5.15). One packing mode,
BCC, leaves very open cavities, and further analysis of the crystal structure of
the BCC packed MOC-2 revealed that the compound could be considered as a
3D MOF, if the hydrogen bonds between adjacent cubes are considered as
additional linkers (edges). The resultant MOF can be simplified as having a
zeolite ACO net,13,34 hereafter referred to as aco-ZMOF (Figure 5.16), and
sorption experiments indicated that the aco-ZMOF is, in fact, permanently porous
(apparent estimated Langmuir surface area of 1420 m2·g-1 and a pore volume of
0.5145 cm3·g-1). Combined with the fact that aco-ZMOF is composed of the same
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framework materials as rho-ZMOFs, these results suggest that aco-ZMOF may
serve as a candidate for hydrogen storage.

a)

b)

c)
Figure 5.16. a) The crystal structure of MOC-2 (aco-ZMOF), where b) the MOCs
pack in BCC mode and hydrogen bonding between adjacent cubes results in a
3D MOF having c) network topology similar to zeolite ACO. C = gray, O = red, N
= blue, In = green; hydrogen atoms are omitted for clarity. Figure b) courtesy of
Dorina F. Sava of the Eddaoudi Group at USF.

Hydrogen sorption experiments were performed (Figure 5.17a), and
revealed that the aco-ZMOF stores up to ~2.15 % weight H2 at 77 K on a sample
evacuated at 135˚C. The isosteric heat of adsorption was calculated (Figure
5.17b) from the hydrogen adsorption isotherms measured at 77 K and 87 K,
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having a value around 6.5 kJ/mol, for the sample outgassed at 135˚C. The
hydrogen uptake of aco-ZMOF is comparable to the rho-ZMOFs, which could be
expected since both structures are composed of the same framework materials
(i.e. In3+ and HnImDC), but the isosteric heat of adsorption is much lower in acoZMOF. INS studies could be used to compare and contrast dihydrogen
interactions and binding sites between aco-ZMOF and the rho-ZMOFs described
in the previous section of this chapter.

a)
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b)
Figure 5.17. a) Hydrogen sorption isotherms and b) isosteric heat of adsorption
on MOC-2 (aco-ZMOF); courtesy of Dorina F. Sava of the Eddaoudi Group at
USF.
The INS spectra at various loadings of dihydrogen were collected on acoZMOF (Figure 5.9), and are of similar quality to those of the rho-ZMOFs. As in
the rho-ZMOFs, there are several identifiable peaks in the INS spectra that were
assigned on the basis of the same model (Experimental section of this chapter),
as well as a similar broad background intensity. Again, it is likely that this portion
of the spectra arises from a wide distribution of non-specific sites, such as the
adsorption of H2 on the interior surfaces of the large cavities lined by oxygen
atoms similar to what has been observed in zeolites.301-305
At the lowest loading of 1 H2/In the INS spectrum consists of four separate
peaks (binding sites) as listed in Table 5.4. As with previous findings, the main
peak at 11 meV, along with the associated shoulders, can be attributed to
binding sites around the indium ion.96k In contrast to the rho-ZMOFs, where the
single-indium ions are 8-coordinate (InN4O4) to four independent ligands and
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inaccessible to dihydrogen, the single-indium ions in aco-ZMOF only are 6coordinate (InN3O3) to three independent ligands and, as a result, are more
accessible to dihydrogen (Figure 5.18). The InN3O3 octahedra may be viewed as
having four different potential interaction sites at the eight triangular faces with
OOO, NNN, NOO (3X) and ONN (3X) atoms in the corners, respectively.
However, some of these faces are oriented in manner that prevents access by a
hydrogen molecule. Specifically, the face toward the inaccessible interior cavity
of the cube (NNN) is unreachable by default, and the opposite face (OOO) is
hindered due to its role in the hydrogen bonding between neighboring cubes. The
remaining faces of the InN3O3 octahedron are most likely to contribute to
interactions with dihydrogen, and can be expected to exhibit similar binding
energies, accounting for the band(s) between 10 and 12 meV.

a)

b)

Figure 5.18. Depiction of the space-filled environment around the 6-coordinate
InN3O3 in aco-ZMOF, and (b) the 8-coordinate InN4O4 in rho-ZMOF. C = gray, O
= red, N = blue, In = green; hydrogen atoms are omitted for clarity.

The broad band at 14 meV occurs within the range expected for binding
sites around the organic linkers, as previously observed in MOFs.293-295
Increasing the hydrogen loading merely increases the intensity of existing bands,
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i.e. no additional peaks (binding sites) are observed. Therefore, these results
suggest that all the potential binding sites for dihydrogen in aco-MOF are partially
occupied at the lowest dose, which is not uncommon in MOMs and is reasonable
considering that their binding energies are all within a close range.

a)

b)

Figure 5.19. There are two types of accessible channels in MOC-2 (aco-ZMOF),
as depicted in yellow and pink cylinders in a) the crystal structure, and b) the aco
net. C = gray, O = red, N = blue, In = green; hydrogen atoms are omitted for
clarity.

Carboxylate-Cluster-Based MOFs
Though the single-metal-ion-based MBB approach has yielded numerous
permanently porous MOMs, carboxylate-cluster-based MOFs still offer great
potential as hydrogen storage materials, as mentioned in Chapter 1. As such,
these MOFs also may serve as platforms for INS studies to understand the
dihydrogen-framework interactions toward the eventual development of superior
hydrogen storage materials.293-295
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soc-MOF. One compound of interest was the first soc-MOF96k which is
composed of 5,5’-azobis-1,3-benzenedicarboxylate (ABBDC) ligands and indium
ions (Figure 5.20), like the MOMs discussed previously in this chapter; however,
in this case, the indium ions form trinuclear oxo-centered coordination clusters
(with potential open metal sites upon terminal ligand removal) rather than
coordinate as single-metal ions. Sorption studies indicate that soc-MOF, indeed,
exhibits permanent porosity (estimated Langmuir surface area and pore volume
are 1417 m2/g and 0.50 cm3/g, respectively). The hydrogen uptake also was
explored, and it was found that soc-MOF can store up to 2.61% at 78 K and 1.2
atm (Figure 5.21a). The isosteric heat of adsorption was calculated to be 6.5
kJ/mol (Figure 5.21b), a value comparable to the MOMs previously discussed in
this chapter.104

Figure 5.20. (Center-right) Optical image of a soc-MOF polyhedral crystal. (Top)
ball-and-stick view of a segment of the x-ray crystal structure of soc-MOF
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composed of oxygen-centered indium-carboxylate trimers, [In3O(CO2)6(H2O)3],
and the ABBDC organic linkers, which can be viewed (bottom) as 6-connected
trigonal prismatic (pseudo-octahedral) nodes and 4-connected rectangular planar
nodes, respectively, to give a cuboidal cage. C = gray, O = red, N = blue, In =
green; space-filled [NO3]- ions are shown in partially occupied positions for clarity.
The cavity is indicated by the large maroon sphere.

In an effort to obtain a better understanding of the sorption sites within
soc-MOF, as with the previous MOMs in this chapter, INS was utilized to study
the respective interactions of molecular hydrogen with the framework, and the
model described in the Experimental section of this chapter was used to deduce
the binding sites. Though the occupancy of multiple sites at the lowest loadings
might have been expected for the previous MOMs, which have binding sites of
relatively similar energy, soc-MOF possesses open indium sites (formed by
removal of the terminal water molecules upon heating) that should have much
stronger interactions ( “0-1” transition is lower in energy and has a higher barrier
to rotation) with dihydrogen and, thus, are expected to be occupied first.295
Nevertheless, multiple sites are observed at the lowest loading, which is
supported by the relatively constant value of the isosteric heat of adsorption at
loadings below 1.8% H2 uptake, suggesting some homogeneity in the binding
sites.
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Figure 5.21. (a) Nitrogen and (b) hydrogen sorption isotherms on soc-MOF.
Adapted from Liu, Y.; Eubank, J. F.; Cairns, A. C.; Eckert, J.; Kravtsov, V. Ch.;
Luebke, R.; Eddaoudi, M. Angew. Chem., Int. Ed. 2007, 46, 3278–3283.

At the lowest loading (1 H2/In), three strong peaks are observed, which
may be assigned according to the model (Table 5.5). The well-defined peak at
about 25.3 meV is assigned as a 0-2 transition for weakly bound H2, and is
indicative of a 0-1 transition of 4.8 meV. This low-energy binding site is
representative of a relatively high barrier to rotation, and, thus, is likely
associated with the open indium site. The peak at 12.7 meV is likely associated
with other binding sites (not open) around the In-oxo-carboxylate trimer, as it is
slightly higher in energy (weaker interaction) than the similar, less-restricted sites
associated with the In octahedra in aco-MOF (between 10 and 12 meV). At
doses up to 3 H2/In, no new bands are observed.; there is merely an increase in
the intensity of the peaks at 12.7 and 14.1 meV. This is in support of the
assignment of the peak at 25.3 meV as the open indium site, since it appears to
be fully occupied at the lowest loading as expected for peaks corresponding to
sites with stronger interactions (lower energy). By default, the remaining peaks
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are likely associated with binding sites around the organic constituents of the
framework, i.e. carboxylate, azo, and phenyl moieties (Figure 5.22). At doses of 5
or more H2/In, several new peaks can be observed in the INS spectra, more
evident in the difference spectra (Figure 5.10), which are indicative of additional
binding sites. Surprisingly, these peaks occur at energies lower (Table 5.5) than
those observed at lower loadings (excepting the peak associated with the open
In site), which contrasts previous observations in MOFs, where, at higher
loadings, typically only sites with weaker interactions (higher energy) are
occupied.98,317-318

Figure 5.22. The ABBDC ligand is generated from the in situ deprotonation of
the tetracarboxylic acid shown here, which contains multiple organic moieties
(i.e. carboxylate, azo, and phenyl groups).
The unique structural features of soc-MOF may provide insight into this
phenomenon. soc-MOF is based on the soc or square-octahedron topology,
where the rectangular ABBDC ligand serves as a pseudo-square and the
trinuclear indium-oxo-carboxylate cluster serves as a pseudo-octahedron (Figure
5.20). Essentially, six ligands occupy the faces of a cube-like cage and connect
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the eight vertices occupied by the In3O trimer (each connected to three faces),
which also connect to three neighboring ligands to give a periodic array of
connected cube-like cages and channels (Figure 5.23a). The cubes serve as
relatively inaccessible capsules that trap charge-balancing nitrate ions. However,
the shapes of the metal-organic components do not allow for complete enclosure
of the cube-like cage, and present minute trapezoidal windows (Figure 5.23b)
that are too small for the diffusion of small molecules like nitrate ions.

a)

b)

Figure 5.23. (a) Ball-and-stick view of a segment of the x-ray crystal structure of
soc-MOF to indicate the periodic array of connected cube-like cages and
channels, and (b) the polyhedral representation of the same segment. C = gray,
O = red, N = blue, In = green; space-filled [NO3]- ions are shown in partially
occupied positions for clarity. The cube-like cage is indicated by the large
maroon sphere.

Likewise, the cube-like cages appear to be inaccessible to even smaller
molecules, like molecular hydrogen, at least at lower loadings, most likely due to
the higher sorption kinetic energy barrier associated with the restricted
trapezoidal windows. Therefore, it is reasonable that the two types of open
channels (Figure 5.24) primarily are occupied at doses below 3 H2/In, but the
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interior of the cube-like cages only becomes accessible at higher loadings, where
it is perceived that the increased local concentration (pressure) of H2 near the
entrances permits the exposure of H2 to the high local charge density of the
restricted cavities by overcoming the sorption kinetic energy barrier. As a result,
binding sites with strong dihydrogen interactions become available, as evidenced
by the INS spectra at higher loadings. In addition, the elevated hydrogen density
(0.05 g/cm3 at 78 K; liquid hydrogen has a density of 0.0708 g/cm3 at 20 K)
observed within the pores of soc-MOF at 78 K319 (based on the maximum 2.61%
wt H2 uptake) is likely due to the overlap of potential energy fields (i.e. H2 is
exposed to multiple binding sites simultaneously) associated with the close
proximity of neighboring walls of the relatively narrow pores (~1 nm) combined
with the local high charge density.

a)

b)

Figure 5.24. Depiction of the two types of intersecting channels (pink and yellow
cylinders) in (a) the crystal structure of soc-MOF, and (b) in the polyhedral
representation. C = gray, O = red, N = blue, In = green; space-filled [NO3]- ions
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are shown in partially occupied positions for clarity. The cube-like cage is
indicated by the large maroon sphere.

rht-MOF. Another carboxylate-cluster-based MOF of interest for hydrogen
sorption and INS studies was the first rht-MOF,127 because of the variety of large
and small cavities and windows that could generate numerous dihyrdrogen
binding sites, including multiple types of open metal sites. In addition, the
modularity of the MOF and the simplicity of the design principles behind its
construction have allowed for the synthesis of isoreticular rht-MOFs that possess
different metal-organic components, which could produce divergent binding sites
that would be of interest from an INS standpoint.
Unlike the MOMs previously discussed in this chapter, which are
composed of two types of MBBs, the first rht-MOF, hereafter referred to as CuTZI rht-MOF, is composed of three types of MBBs, namely a 5tetrazolylisophthalate (TZI) ligand, a Cu2(O2CR)4 paddlewheel cluster, and a
Cu3O(N4CR)3 cluster, where N4CR represents the tetrazolyl moiety. The structure
of Cu-TZI rht-MOF was described briefly in Chapter 1, but, for a detailed
description, see Nouar, F.; Eubank, J. F.; Bousquet, T.; Wojtas, L.; Zaworotko,
M. J.; Eddaoudi, M. J. Am. Chem. Soc. 2008, 130, 1833-1835 and references
therein. It should be noted, however, that Cu-TZI rht-MOF encompasses
numerous open cavities, and exhibits permanent porosity (the apparent surface
area was estimated as 3223 and 2847 m2/g for N2 using Langmuir and BET
methods, respectively).
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Hydrogen capacity also was assessed for Cu-TZI rht-MOF. The H2 uptake
for the Cu-TZI rht-MOF was measured at 77 and 87 K at atmospheric pressures
(Figure 5.25), with up to 2.4 wt % at 77 K. The isosteric heat of adsorption was
estimated to be 9.5 kJ/mol at the lowest coverage, which is indicative of the
stronger H2-framework interactions relative to what has been observed in
previous MOFs.293-295 As such, INS studies were conducted to deduce the
origination of these interactions and assign potential binding sites within Cu-TZI
rht-MOF.

a)

b)

Figure 5.25. a) Nitrogen and argon sorption isotherms at 77K and 87K, and b)
hydrogen sorption isotherms at 77K and 87K, respectively, for the original CuTZI-based rht-MOF. Adapted from Nouar, F.; Eubank, J. F.; Bousquet, T.;
Wojtas, L.; Zaworotko, M. J.; Eddaoudi, M. J. Am. Chem. Soc. 2008, 130, 18331835.
The INS studies on Cu-TZI rht-MOF are preliminary, but some inferences
can be made from the spectra obtained. Based on structural analysis, Cu-TZI rhtMOF should have open metal sites on the copper paddlewheel MBBs upon
evacuation and heating, which have been shown in previous MOFs to interact
with dihydrogen.320 For example, the peak associated with the open copper
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paddlewheel site in HKUST-1 is at 8.9 meV. Thus, a similar peak should be
observed in the INS spectra for hydrogen adsorbed on Cu-TZI rht-MOF.
However, the average Cu-OH2 distance in Cu-TZI rht-MOF (2.119 Å) is shorter
than that observed in HKUST-1 (2.165 Å), suggesting that the binding strength of
the open copper paddlewheel site in Cu-TZI rht-MOF is higher and the analogous
INS peak should, therefore, occur at a lower frequency than seen in HKUST-1.
In addition, Cu-TZI rht-MOF contains the copper-oxo-tetrazolate trimers,
which also may possess open metal sites generated upon heating and
evacuation of the material. To date, no MOMs with this type of MBB have been
reported, and, thus, no information is available about the potential open metal
sites or hydrogen interactions therewith. However, the uniqueness of the rht
network is beneficial to the practice of isoreticular chemistry, and tritopic
hexacarboxylate ligands containing three 1,3-BDC moieties analogous to the
trigonal 1,3-BDC units generated from the Cu-oxo-tetrazolate trimer (Figure 5.26)
can be utilized to construct isoreticular rht-MOFs, in effect replacing the Cu-oxotetrazolate trimer with the central phenyl moiety of a purely organic
hexacarboxylate ligand (i.e. no inorganic Cu ions). Such a replacement could
give insight into the binding sites in the INS spectra associated with hydrogen
interactions around the Cu-oxo-tetrazolate trimer, since both materials would
otherwise contain similar sites.
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a)

b)

Figure 5.26. The rht-MOF can be constructed from the formation of Cu2(O2CR)4
paddlewheel MBBs, in situ, with the carboxylate moieties of the hexacarboxylate
ligands based on (a) Cu-oxo-tetrazolate trimer cores (also generated in situ) or
(b) phenyltris(methoxy) organic cores (PTMOI ligand).
The rht-MOF has been synthesized from 5,5’,5”-[1,3,5phenyltris(methoxy)]tri-isophthalic acid (H6PTMOI) and Cu2+ or Zn2+, hereafter
referred to as Cu-PTMOI rht-MOF and Zn-PTMOI rht-MOF, respectively. The H2
uptake for Cu-PTMOI rht-MOF was measured at 77 K at atmospheric pressures
(Figure 5.27), with up to 1.2 wt % observed. This value is lower than what was
expected for the lighter material, and sorption studies are continuing on CuPTMOI rht-MOF to increase uptake by trying various activation techniques.
Studies are underway to analyze and correlate the framework dihydrogen
interactions among the isoreticular MOFs, as the lack or presence of the Cu-oxotetrazolate trimer offers the ability to distinguish these binding sites from the
copper paddlewheel sites. In addition, the use of other metals capable of forming
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the paddlewheel MBB (e.g. Zn2+, Ni2+, Co2+) may lead to interesting hydrogen
sorption and/or framework interactions.

Figure 5.27. Hydrogen sorption isotherm at 77K for Cu-PTMOI rht-MOF after
evacuation at 85°C.

Conclusion
The sorption and INS studies on several MOFs, especially soc-MOF,
combined with structural analysis, indicate that open metal sites, framework
charges, and pore dimensions all play a major role in the sorption of molecular
hydrogen in MOFs, especially concerning interaction sites and binding strengths.
These findings are supported by the fact that similar studies on MOFs have
indicated that hydrogen sorption is influenced by open metal sites, and
electrostatic interactions within the pores appear to impact hydrogen sorption on
charged frameworks like zeolites. In addition, these results suggest that MOFs
possessing these attributes, combined with their facile tunability (i.e. lighter
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metals, functional ligands), will allow the attainment of higher surface areas and
higher hydrogen uptakes, and such structures may soon achieve the DOE target
for hydrogen storage in vehicular applications.

285

Chapter 6:
Where Are MOMs Headed?

Introduction
The on-going quest for novel materials for targeted applications, combined
with continual improvements in synthesis and characterization techniques, will,
no doubt, lead to serendipitous discoveries (i.e. materials, MBBs, and
properties), even with the utilization of a broad range of design principles.
Nevertheless, these discoveries add to the repertoire and knowledge of the
would-be designer, and will aid in the construction and discovery of still further
novel entities. Such is the evolution of science: the history, existence, and future
of the scientific world.

Design Strategies
Novel Clusters
The plethora of research groups contributing to the realm of MOMs and
the thousands of publications per year continually add new insight into the area.
One avenue of advancement in this area is the formation and discovery of novel
MBBs, particularly multinuclear clusters, which could be targeted in situ for the
construction of novel MOMs. Though certain clusters with specific geometries
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dominate the literature (e.g. copper paddlewheel and basic zinc acetate),29-32,201202,231-232

there is still room for advancement, especially concerning less-explored

coordinating functional groups or combinations of functional groups. Some
examples of hetero-functional MBBs that might be targeted in the synthesis of
novel MOMs based on nets with 9-connected nodes include the trinuclear metalpyridyl-carboxylate cluster106 presented in Chapter 1 and the dinuclear metalketone-carboxylate cluster presented in Chapter 4.

Metal-Carboxylates. Despite the depth of metal-carboxlate chemistry and
the dominant number of MBBs occurring in the literature, there still are
discoveries of novel clusters that may be of interest to the MOM community.
Recently, an Al-trimesate MOF (MIL-110) was synthesized by Loiseau and coworkers,321 which, through a new characterization technique, was discovered
also to possess a novel 9-connected MBB, an octanuclear Al-carboxylate cluster,
that serves as a dual trigonal prism building block (Figure 6.1a). The trimesate
ligand serves as a trigonal building block, and the combined building blocks form
a novel (3,9)-connected net (Figure 6.1b). One can envision targeting isoreticular
nets by extending and/or functionalizing the ligand, as well as other nets based
on 9-connected nodes34 by altering the geometry of the ligand (i.e. linear, square,
etc.). This is just one example of a metal-carboxylate cluster that may appear in
future publications as a targeted building block in the construction of MOMs, and,
certainly, there are more to come.
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a)

b)

Figure 6.1. MIL-110 is composed of trimesate ligands, which can be viewed as
3-connected trigonal building blocks, and octanuclear aluminum-carboxylate
MBBs, which can be viewed as 9-connected dual trigonal prism building blocks to
give b) a (3,9)-connected net. C = gray, O = red, Al = green.

Metal-Azolates. A review of the literature will reveal numerous metalazolate clusters,93 aside from those discussed in Chapter 1, which have yet to be
exploited in MOMs. These metal-azolates provide other MBBs comparable to the
prototypical metal-carboxylate clusters in MOFs (dimeric M2(O2CR)4 square
paddlewheel, tetrameric M4O(O2CR)6 basic zinc acetate, and trimeric
M3O(O2CR)6 basic chromium acetate), with equivalent SBU geometries,
including trigonal (M3O(N2-azR)3), square (M2(N2-azR)4), octahedral (M8(N2-azR)6
or M4O(N2-azR)6), trigonal prismatic (M3(N2-azR)6), and triaugmented trigonal
prismatic (M6(N2-azR)9) (Figure 6.2). Long and co-workers alluded to the
targeting of a tetranuclear Mg-azolate cluster101 analogous to the basic zinc
acetate metal-carboxylate cluster of MOF-5 [and derivatives], but, to date, it has
not been realized in MOM chemistry. The employment of the azolate moiety is
definitely in its infancy concerning MOMs, and the potential employment of the
288

resultant clusters with various geometries and charges will definitely complement
existing building blocks in the construction of novel MOMs with interesting
properties.

≡

≡

a)

b)

≡

or

c)

≡
d)

≡
e)

Figure 6.2. Observed multi-nuclear metal-azolate clusters that may serve as a)
triangular, b) quadrangular, c) octahedral, d) trigonal prismatic, and e)
triaugmented trigonal prismatic building blocks in the construction of MOMs. C =
gray, O = red, N = blue, halogen = yellow, M = green.

Supermolecular Building Blocks (SBBs)
As mentioned in Chapter 1, a broad range of discrete MOMs have been
synthesized over the years, equivalent to a variety of Platonic and Archimedean
solids, as well as numerous related and novel solids.119-120,130-132 With the vast
range of discrete solids available to the would-be designer, one can envision
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more novel architectures based on the assembly of these MOPs, aside from the
previously described nanoballs, acting as SBBs, such as the extension of MOCs
(Figure 6.3). In addition, many MOPs are soluble in aqueous or solvent
solutions,322 and one can envision co-crystallization of SBBs (e.g. through
hydrogen bonding or additional coordination bonds) to give unique materials with
large cavities.

N

NH

HO

+ Metal salt

≡

O
O HO

Vertex-linked

Direct linkage

Extra tetrahedra

Edgelinked

Tritopic ligand

Figure 6.3. MOCs can be synthesized from ImDC ligands (C = gray, H = white,
N = blue, O = red, and M = green), and these cubes could serve as SBBs
through extension (red) in a variety of ways.
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Multi-Functional Ligands
The hetero-functional ligand, TZI (Chapter 1), was utilized to target a
(3,24)-connected rht-MOF based on SBBs,127 but this MOF can also be viewed
as a ternary net (i.e. composed of three MBBs).124 The first MBB consists of the
quadrangular copper paddlewheel M2(CO2)4 formed in situ, the second is the
triangular Cu-tetrazolate trimer also formed in situ, and the third is the tritopic
ligand, which can act as a second type of triangular connector. The heterofunctional ligand was designed to accommodate two types of metal clusters at
each of the two types of coordination functionalities (tetrazolate and carboxylate).
One can envision the utilization of other hetero-functional ligands and clusters to
design ternary nets, or even possibly quaternary nets (i.e. four MBBs). In
addition, hetero-functional ligands could be targeted to synthesize expanded
versions of existing MOFs (i.e. the reverse method of the synthesis of isoreticular
rht-MOFs in Chapter 5, replacing the Cu-tetrazolate trimer in Cu-TZI rht-MOF
with a benzene ring in 46 and 47). For example, MOF-17711 is constructred from
a tri-carboxylate ligand,1,3,5-benzenetribenzoate (BTB), and basic zinc acetate
MBBs at each carboxylate moiety, but the trigonal ligand could be substituted by
a metalloligand derived from 4-(4-tetrazolyl)benzoate and a trigonal MBB similar
to that observed in Cu-TZI rht-MOF to give an expanded isoreticular structure
with more metal sites (Figure 6.4). This occurrence of two types of multi-metal
clusters also suggest the potential for mixed-metal MOFs286-287, e.g. MOF-177
derivative from Cu-tetrazolate trimers and basic zinc acetate clusters.
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a)

b)

Figure 6.4. MOF-177 is constructed from a) the tri-carboxylate BTB ligand,
which could be substituted by b) a trigonal metalloligand to construct an
expanded isoreticular structure.

Applications
As alluded to in Chapter 1, the influx of myriad new MOFs with expected
and unprecendented topologies based on known and novel design principles,
will, no doubt, lead to MOFs with incredible properties that are suitable for
various applications. In addition, some applications may be discovered that will
result in a re-screening of existing MOFs for such applications. A notable
example is the discovery of the spillover effect on hydrogen storage in MOFs
(discussed in Chapter 1),167a,168-170 which may result in similar studies on a
variety of existing MOFs and will most likely lead to hydrogen sorption studies on
the combination of MOFs with other materials, like polymers or metal-hydrides.
Some other applications that appear promising to MOFs are detailed below.
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Sorption and Controlled-Release of Pesticides
Many MOMs are capable of inclusion of small molecules, and there are
numerous examples of MOFs with large open windows and accessible
cavities.11,121,155,184 The frameworks can be neutral or ionic (cationic or anionic),
depending on the charge of individual components and the ratio of these
components in the framework composition, which allows for the encapsulation of
a range of molecules of based on a variety of interactions (i.e. electrostatic,
hydro-phobic/-philic). The inclusion of anionic ibuprofen within cationic MIL-101
as a controlled-release (CR) agent for the medicinal drug was discussed in
Chapter 1,155 as well as the tandem diffusion/encapsulation of cationic acridine
orange in anionic In-ImDC rho-ZMOF as a sensor for neutral molecules.121
Another avenue of interest that capitalizes on the encapsulation capacity
of MOFs is the CR of pesticides (Figure 6.5). The amount of pesticides in the
environment correlates directly with the intensity of use.323 One approach to
protecting the environment from these chemicals involves their removal postdistribution using adsorbents, while the second entails the design of predistribution CR formulations to minimize application intervals and decrease the
initial amount of pesticides used.324 CR systems typically consist of the pesticide
within a support material that degrades over time or releases the pesticide upon
exposure to an external releasing agent, allowing for gradual or rapid delivery of
the biologically active ingredient.325-326 Such systems exhibit many advantages,
including stabilization of pesticide against environmental degradation,327
reduction in evaporation and leaching, ease of handling of the toxic materials,
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reduction in environmental pollution and drift, reduction in dosage, longer
application intervals, increase in the number of target organisms, and reduction
in aquatic, plant, and mammalian toxicity (including human).328

N
N

+

N

+

N
N

+

+

+

Figure 6.5. Examples of quaternary amine pesticides, cationic “quats” (Mepiquat,
Paraquat, and Diquat, respectively) that would be suitable for encapsulation in an
anionic framework (e.g. In-ImDC rho-ZMOF).

Large-cavity MOFs offer an excellent solution to the short-comings of
previous CR techniques. The extra-large cavities, including zeolite-like
structures, and potentially ionic nature of MOFs have already shown the ability to
both sorb and encapsulate large counterions and neutral organic molecules into
the pores (not just the surface), combining the recyclability and facile ion
exchange character of zeolites and the potential pesticide protection of polymers.
Therefore, very open MOFs should serve as ideal storage and CR materials for
suitable pesticides (Figure 6.6).
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a)

b)
Figure 6.6. Depiction of CR in an anionic MOF: a) cationic pesticides (e.g.
amine-based) are selected for diffusion through the windows to displace the assynthesized cations; b) pesticides can be discharged via green release agents
(e.g. Na+).

Encapsulation of Single-Molecule Magnets
The demand for increasing storage capacity is an escalating problem,
and, as a result, there is a need to discover and/or develop alternatives to the
current data storage technologies. Toward this goal, there are large efforts
involved in finding suitable methods for constructing arrays of densely packed,
isolated magnetic components.329-330 A variety of techniques, including electronbeam lithography,331 microcontact printing,332 scanning tunneling microscope
lithography,333 electrochemical etching, and electrodeposition334 have been used
to fabricate these arrays on semiconductor substrates.
Recently, new classes of magnetic materials have been developed via
metal-ligand cluster chemistry, since it was discovered that individual nanoscale
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molecules can display magnetism.335-336 These so-called single-molecule
magnets (SMMs, Figure 6.7)337 have opened the way to store information at the
molecular level.338 In addition, SMMs offer distinct advantages over previous
NMPs since they are prepared via mild solution conditions, consist of uniformly
nano-sized single molecules, readily can undergo ligand substitution, and are
soluble in common organic solvents.339

≡
a)

b)

c)

d)

e)

Figure 6.7. a) One single-molecule magnet from the crystal structure of the
prototypical SMM, [Mn12O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O (~1.6 nm in
diameter). This SMM can be synthesized or ligand exchanged with cationic
carboxylates to give polycationic Mn12 SMMs: Existing b) (4carboxybenzyl)tributylammonium and c) betaine, and potential d) glycine and e)
carbamic acid.
There have been numerous attempts to construct periodic arrays of these
SMMs, including encapsulation in organic and inorganic materials (from carbon
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nanotubes340 to clays341 to mesoporous silica342-343) to yield 1D arrays, binding to
various substrates to produce 2D arrays,344-347 and, only recently, construction
into MOFs resulting in 3D arrays.348 These methods of inclusion have resulted in
materials that exhibit nearly identical magnetic properties compared to the
crystalline SMMs, which may be attributed to the aggregation of small particles of
SMMs rather than isolation of single molecules. However, there is evidence that
the encapsulation of some SMMs results in an increase in their blocking
temperature, a property essential to their use in data storage applications.349
Therefore, extra-large cavity MOFs could serve to encapsulate and order SMMs
(Figure 6.8) for unique magnetic properties.

a)

b)
Figure 6.8. Depiction of the inclusion of SMMs in an extra-large cavity MOF: a)
encapsulation, in situ, of soluble pre-synthesized SMM, and b) synthesis of SMM
in cavities.
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Sorption and Encapsulation of Coordinating Agents for Metal Ion Removal
Increasing need for the removal of heavy metals from various sources has
promoted the search for and development of novel materials for several
applications including improved analyses, remediation, and general prevention of
the introduction of toxic substances into the environment.350-351 Encouraged by
the institution of federal and state regulations to protect the quality of surface and
groundwater from heavy-metal pollutants,352 environmental agencies and
affected industries, such as mining,353-355 battery,356 paper,357 dentistry,
lighting350-351 and natural gas,358 have concentrated efforts for cleanup of heavy
metals. In addition, researchers and companies have developed numerous
techniques and chemical products to eliminate heavy metals from waste waters,
natural contaminated waters, and soils.
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≡
c)

d)

Figure 6.9. a) Examples of metal ion removal or CA agents:
benzenediethanthiolates (BDETs). b) 1,3-Benzenediamidoethanthiol (BDET) a)
before and b) after metallation.
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One of the many methods for such remediation is the use of metal ion
removal or coordinating agents (CAs) to precipitate the unwanted metals.359 In
this effort, several organic molecules were discovered or designed and
synthesized as probable CAs for heavy metal ions. Although several of the CAs
decompose or lack stability, some of them, such as 2,4,6-trimercaptotriazine
(TMT) and benzenediethanthiolates (BDETs, Figure 6.9a-c), have proven quite
stable and effective at complexing heavy metals,359-362 In an ideal system, the
ligand binds the metal strongly, forming a stable complex (Figure 6.9c-d) that is
insoluble and precipitates out, which can then be separated from the solution.
Another effective technique for the removal of metal ions is the use of
supported CAs.363 Supports have included several types of systems and have
been utilized to target removal of different metals. Ligands with a long
hydrocarbon chain have been attached to silica gel by an evaporation technique
involving a corkscrew mechanism, and have been shown to remove up to 99.9%
of available aqueous copper in a single-pass method.364-365 There also are many
methods that involve the attachment of the ligand to the silica substrate through
derivatization,366-367 and, albeit effective, the additional steps typically add to the
cost relative to the corkscrew method. Polymer systems have also been utilized,
e.g. polystyrene impregnated with β-diphenylglyoxime has shown selectivity for
palladium,368 and dimethylglyoxime-treated polyurethane foam for nickel(II).369
Ion-exhange resins also have been used as supports for those CAs that can be
converted to ions,370-371 and herein lays our interest. Once the CAs are
“supported”, they can be exposed to metal solutions, where they will function to
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bind the metals. Upon deprotonation of the thiols and coordination to the metal,
the CAs change size and shape to accommodate the bound metal, a
transformation extremely evident in the BDET ligands (Figure 6.9d).372
Therefore, extra-large cavity MOFs (e.g. In-ImDC rho-ZMOF) could serve
to sorb CAs (Figure 6.10a). Once the BDET coordinating agent has bound to the
metal, it can be larger than the window dimensions of the MOF, and is therefore
trapped (encapsulated) inside the cavities (true ‘ship-in-a-bottle’ method, Figure
6.10b). Thus, extra-large cavity MOFs could eventually serve as supports for
CAs, preventing unnecessary precipitates in solution.

a)

b)
Figure 6.10. Depiction of the inclusion of CAs: a) the selected CAs diffuse
through the windows; b) the supported CAs can bind metals to remove them from
solution.
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Conclusion

Rational strategies for the synthesis of targeted MOMs have greatly
influenced the attainment of permanent porosity and potential use of MOMs in
various applications, which is especially true for the MBB approach. However,
the ultimate goal of true design has yet to be realized. In the future, we will see
more and more MOMs based on a greater diversity of building blocks
(geometries) with more complex topologies, but design will only be achieved
through collaborative efforts between experimental and theoretical chemists to
determine all (or at least the most influential) parameters necessary to definitively
favor one structure over another based on the assembly of one type of metal ion
and one ligand, much less the effect of solvents, guest molecules, formation of
metal clusters, mixed-metals, mixed ligands, or interactions necessary for
applications. In other words, the outcome looks promising, but there is still a long
road ahead.
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Appendix A
TGA Spectra
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Figure A.1. TGA of [Cu(3,5-PDC)(DMF)(Py)]n (2), with weight loss from to 110160°C corresponding to removal of terminal ligands, and at 250°C corresponding
to decomposition of the framework.
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Figure A.2. TGA of 2-B, with weight loss from to 210-225°C corresponding to
removal of terminal ligands, and at 250°C corresponding to decomposition of the
framework.
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Figure A.3. TGA of 2-C; the crystal structure of 2-C does not correspond to 2 or
2-B, and the TGA is merely for comparison purposes The use of (S)-(+)-1,2propanediol only results in a copper pyridine nitrate salt.
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Figure A.4. TGA of [Zn(3,5-PDC)(DMA)·(EtOH)]n (3), with weight loss up to 50°C
is due to solvent loss, from 110-175°C corresponding to removal of EtOH and
terminal ligands, and from 250°C-400°C corresponding to decomposition of the
framework.
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Figure A.5. TGA of [Cu(3,5-PDC)(Py)2]n (5), with weight loss from to 200-275°C
corresponding to decomposition of the framework.
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Figure A.6. TGA of [Zn(3,5-PDC)(DMF)(H2O)·(EtOH)]n (6), with weight loss up to
50°C due to solvent loss, weight loss from 50°C to 100°C corresponding to
removal of guests, and at 450°C corresponding to removal of terminal ligands
and decomposition of the framework.
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Figure A.7. TGA of [Co(3,5-PDC)(Py)(H2O)]n (7), with weight loss up to 200°C
corresponding to removal of terminal ligands, and at 425°C corresponding to
decomposition of the framework.
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Figure A.8. TGA of [Zn2(3,5-PDC)2(4,4’-Bipy)(H2O)2·(DMF)2]n (10), with weight
loss up to 250°C corresponding to solvent loss and removal of guests and
terminal ligands, and at 450°C corresponding to decomposition of the framework.
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Figure A.9. TGA of [Ni(3,5-PDC)(Py)2(H2O)]n (12), with weight loss from to 200300°C corresponding to removal of terminal ligands, and at 300°C corresponding
to decomposition of the framework.

100

% Weight

80

60

40

20

0
0

200

400

600

800

1000

o

Temperature ( C)

Figure A.10. TGA of [Zn2(3,4-PDC)2(DMF)2(Py)]n (16), with weight loss from to
210-415°C corresponding to removal of terminal ligands and decomposition of
the framework.
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Figure A.11. TGA of [Cu(3,4-PDC)(DMF)]n (17), with weight loss from 205-215°C
corresponding to removal of terminal ligands and decomposition of the
framework.
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Figure A.12. TGA of [Mn2(3,4-PDC)2(DMF)2]n (18), with weight loss from to 210225°C corresponding to removal of terminal ligands, and at 250°C corresponding
to decomposition of the framework.
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Figure A.13. TGA of H2PMOI, with weight loss corresponding to decomposition of
the organic molecule.
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Figure A.14. TGA of [Cu(PMOI)]n (19), with weight loss up to 110°C
corresponding to removal of solvent, and at 250-275°C corresponding to
decomposition of the framework.
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Figure A.15. TGA of [Cu(CDO)(Py)2(H2O)]n (28), with weight loss from to 145155°C corresponding to removal of aquo ligands, and at 200°C corresponding to
decomposition of the framework.
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Figure A.16. TGA of [Cu(EE1)(Py)2(H2O)]n (29), with weight loss from to 170255°C corresponding to removal of terminal ligands and decomposition of the
framework.
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Figure A.17. TGA of [Mn3(CDO)3·(EtOH)3]n (37), with weight loss from to 105130°C corresponding to removal of guests, and at 310°C corresponding to
decomposition of the framework.
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Figure B.1. PXRD spectra of [Zn(PmDC)(DMF)(H2O)·(DMF)]n (1); red =
experimental, black = simulated.
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Figure B.2. PXRD spectra of [Cu(3,5-PDC)(DMF)(Py)]n (2); red = experimental,
black = simulated.
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Figure B.3. PXRD spectra of [Zn(3,5-PDC)(DMA)·(EtOH)]n (3); red =
experimental, black = simulated.
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Figure B.4. PXRD spectra of [Cu(3,5-PDC)(Py)(H2O)2]n (4); red = experimental,
black = simulated.
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Figure B.5. PXRD of [Cu(3,5-PDC)(Py)2]n (5); red = experimental, black =
simulated.
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Figure B.6. PXRD of [Zn(3,5-PDC)(DMF)(H2O)·(EtOH)]n (6); red = experimental,
black = simulated.
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Figure B.7. PXRD spectra of [Co(3,5-PDC)(Py)(H2O)]n (7); red = experimental,
black = simulated.
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Figure B.8. PXRD of [Cu(3,5-PDC)(Isoq)2]n (8); red = experimental, black =
simulated.
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Figure B.9. PXRD spectra of [Co(3,5-PDC)(H2O)(Isoq)]n (9); red = experimental,
black = simulated.
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Figure B.10. PXRD spectra of [Zn(3,5-PDC)(H2O)(4,4’-Bipy)]n (10); red =
experimental, black = simulated.
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Figure B.11. PXRD spectra of [Ni(3,5-PDC)(Py)2(H2O)]n (12); red = experimental,
black = simulated.
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Figure B.12. PXRD spectra of [Cu(3,5-PDC)(Py)2·(EtOH)(H2O)]n (13); red =
experimental, black = simulated.
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Figure B.13. PXRD spectra of [Ni(3,5-PDC)(4,4’-Bipy)(H2O)]n (15); red =
experimental, black = simulated.
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Figure B.14. PXRD spectra of [Zn2(3,4-PDC)2(DMF)2(Py)]n (16); red =
experimental, black = simulated.
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Figure B.15. PXRD spectra of [Cu(3,4-PDC)(DMF)]n (17); red = experimental,
black = simulated.
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Figure B.16. PXRD spectra of [Mn2(3,4-PDC)2(DMF)2]n (18); red = experimental,
black = simulated.
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Figure B.17. PXRD spectra of [Cu(PMOI)]n (20); red = experimental, black =
simulated.
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Figure B.18. PXRD spectra of [Cu(PMOI)]n (21); red = experimental, black =
simulated.
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Figure B.19. PXRD spectra of [Cu(PMOI)]n (24); red = experimental, black =
simulated.
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Figure B.20. PXRD spectra of [Cu(PMOI)]n (25); red = experimental, black =
simulated.
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Figure B.21. PXRD spectra of [Cu(3,5-PDCO)(DMF)(Py)·(DMF)(H2O)]n (26); red
= simulated, black = experimental.
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Figure B.22. PXRD spectra of [Cu2(CDO)2(Py)5(DMF)]n (27); red = experimental,
black = simulated.
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Figure B.23. PXRD spectra of 28 (black = simulated, red = experimental), and 29
(green = simulated, blue = experimental).
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Figure B.24. PXRD spectra of [Cu(CDO)(Pic)2(H2O)]n (32) (black = simulated, red
= experimental).
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Figure B.25. PXRD spectra of [Ni(CDO)(Py)2(H2O)]n (33) (black = simulated, red
= experimental).
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Figure B.26. PXRD spectra of 37 (black = simulated, red = experimental), 38
(green), 39 (blue), 40 (cyan), 42 (pink), 43 (yellow), 44 (gold), 45 (navy), and 46
(purple).
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Figure B.27. PXRD spectra of 47 (black = simulated, red = experimental).
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SCD Structural Analysis and Refinement Data
Table C.1. Crystal data and structure refinement for Compound 1.

Identification code

1

Empirical formula

C24 H32 N8 O14 Zn2

Formula weight

787.32

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P2(1)/c

Unit cell dimensions

a = 10.6981(14) Å

alpha= 90°.

b = 12.7517(17) Å

beta= 107.894(2)°.

c = 12.6507(17) Å

gamma = 90°.

Volume

1642.3(4) Å3

Z

2

Density (calculated)

1.592 Mg/m3

Absorption coefficient

1.538 mm-1

F(000)

808

Crystal size

0.20 x 0.18 x 0.05 mm3

Theta range for data collection

2.00 to 28.18°.

Index ranges

-8<=h<=13, -16<=k<=16, -16<=l<=15

Reflections collected

9314

Independent reflections

3650 [R(int) = 0.1107]

Completeness to theta = 28.18°

90.7 %

Absorption correction

SADABS

Max. and min. transmission

1.000 and 0.619

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3650 / 0 / 214

Goodness-of-fit on F2

0.943

Final R indices [I>2sigma(I)]

R1 = 0.0549, wR2 = 0.1214

R indices (all data)

R1 = 0.1063, wR2 = 0.1476

Largest diff. peak and hole

1.091 and -0.984 e.Å-3
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Table C.2. Crystal data and structure refinement for Compound 2.

Identification code

2

Empirical formula

C15 H15 Cu N3 O5

Formula weight

380.84

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

P2(1)2(1)2(1)

Unit cell dimensions

a = 7.8199(7) Å

alpha = 90°.

b = 10.4971(10) Å

beta = 90°.

c = 19.0810(18) Å

gamma = 90°.

Volume

1566.3(3) Å3

Z

4

Density (calculated)

1.615 Mg/m3

Absorption coefficient

1.426 mm-1

F(000)

780

Crystal size

0.10 x 0.05 x 0.05 mm3

Theta range for data collection

2.13 to 28.25°.

Index ranges

-10<=h<=10, -13<=k<=8, -24<=l<=25

Reflections collected

10024

Independent reflections

3672 [R(int) = 0.0559]

Completeness to theta = 28.25°

97.0 %

Absorption correction

None

Max. and min. transmission

1.000 and 0.866

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3672 / 0 / 231

Goodness-of-fit on F2

0.990

Final R indices [I>2sigma(I)]

R1 = 0.0437, wR2 = 0.1060

R indices (all data)

R1 = 0.0547, wR2 = 0.1124

Absolute structure parameter

0.01(2)

Largest diff. peak and hole

0.562 and -0.376 e.Å-3
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Table C.3. Crystal data and structure refinement for Compound 3.

Identification code

3

Empirical formula

C13 H12 N2 O7 Zn

Formula weight

373.62

Temperature

193(2) K

Wavelength

0.71073 A

Crystal system, space group

Orthorhombic, P2(1)2(1)2(1)

Unit cell dimensions

a = 10.6464(19) A
b = 11.591(2) A
c = 14.741(3) A

Volume

1819.1(6) A^3

Z, Calculated density

4, 1.364 Mg/m^3

Absorption coefficient

1.382 mm^-1

F(000)

760

Crystal size

0.05 x 0.05 x 0.1 mm

Theta range for data collection

3.78 to 25.09 deg.

Limiting indices

-12<=h<=12, -13<=k<=13, -17<=l<=17

Reflections collected / unique

13461 / 3229 [R(int) = 0.0652]

Completeness to theta = 25.09

99.5 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

3229 / 0 / 204

Goodness-of-fit on F^2

1.039

Final R indices [I>2sigma(I)]

R1 = 0.0548, wR2 = 0.1459

R indices (all data)

R1 = 0.0605, wR2 = 0.1502

Absolute structure parameter

0.04(3)

Largest diff. peak and hole

1.000 and -0.631 e.A^-3

344

alpha = 90 deg.
beta = 90 deg.
gamma = 90 deg.

Appendix C (Continued)
Table C.4. Crystal data and structure refinement for Compound 4.

Identification code

4

Empirical formula

C12 H8 Cu N2 O5

Formula weight

323.74

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Hexagonal, P6(5)22

Unit cell dimensions

a = 9.6299(12) A
b = 9.6299(12) A
c = 22.215(5) A

Volume

1784.1(5) A^3

Z, Calculated density

6, 1.808 Mg/m^3

Absorption coefficient

1.858 mm^-1

F(000)

978

Crystal size

0.10 x 0.10 x 0.10 mm

Theta range for data collection

2.44 to 25.52 deg.

Limiting indices

-9<=h<=11, -11<=k<=3, -13<=l<=26

Reflections collected / unique

4917 / 730 [R(int) = 0.0493]

Completeness to theta = 25.52

100.0 %

Max. and min. transmission

0.8360 and 0.8360

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

730 / 0 / 41

Goodness-of-fit on F^2

1.397

Final R indices [I>2sigma(I)]

R1 = 0.1046, wR2 = 0.2340

R indices (all data)

R1 = 0.1057, wR2 = 0.2347

Absolute structure parameter

0.44(16)

Largest diff. peak and hole

1.487 and -0.851 e.A^-3
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alpha = 90 deg.
beta = 90 deg.
gamma = 120 deg.

Appendix C (Continued)
Table C.5. Crystal data and structure refinement for Compound 5.

Identification code

5

Empirical formula

C17 H13 Cu N3 O4

Formula weight

386.84

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P2(1)/n

Unit cell dimensions

a = 10.0729(17) Å

alpha = 90°.

b = 11.5449(19) Å

beta = 93.477(3)°.

c = 14.615(2) Å

gamma = 90°.

Volume

1696.5(5) Å3

Z

4

Density (calculated)

1.515 Mg/m3

Absorption coefficient

1.314 mm-1

F(000)

788

Crystal size

0.10 x 0.05 x 0.05 mm3

Theta range for data collection

2.25 to 28.28°.

Index ranges

-8<=h<=13, -15<=k<=15, -19<=l<=19

Reflections collected

10399

Independent reflections

3937 [R(int) = 0.0597]

Completeness to theta = 28.28°

93.2 %

Absorption correction

None

Max. and min. transmission

1.000 and 0.816

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3937 / 0 / 226

Goodness-of-fit on F2

1.179

Final R indices [I>2sigma(I)]

R1 = 0.1147, wR2 = 0.3470

R indices (all data)

R1 = 0.1312, wR2 = 0.3562

Largest diff. peak and hole

5.592 and -1.367 e.Å-3
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Table C.6. Crystal data and structure refinement for Compound 6.

Identification code

6

Empirical formula

C10.25 H12 N2 O6 Zn

Formula weight

324.59

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P2(1)/c

Unit cell dimensions

a = 11.0755(7) Å

alpha = 90°.

b = 9.7569(7) Å

beta = 90.0100(10)°.

c = 12.1596(8) Å

gamma = 90°.

Volume

1314.00(15) Å3

Z

4

Density (calculated)

1.641 Mg/m3

Absorption coefficient

1.893 mm-1

F(000)

662

Crystal size

0.20 x 0.10 x 0.10 mm3

Theta range for data collection

1.84 to 28.29°.

Index ranges

-14<=h<=8, -12<=k<=12, -14<=l<=15

Reflections collected

8077

Independent reflections

3056 [R(int) = 0.0632]

Completeness to theta = 28.29°

93.7 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3056 / 0 / 192

Goodness-of-fit on F2

1.084

Final R indices [I>2sigma(I)]

R1 = 0.0357, wR2 = 0.0943

R indices (all data)

R1 = 0.0381, wR2 = 0.0959

Largest diff. peak and hole

0.940 and -0.549 e.Å-3
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Table C.7. Crystal data and structure refinement for Compound 7.

Identification code

7

Empirical formula

C12 H10 Co N2 O5

Formula weight

321.15

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Monoclinic, P2(1)/c

Unit cell dimensions

a = 10.8654(14) A
b = 9.8741(12) A
c = 11.9102(14) A

Volume

1277.4(3) A^3

Z, Calculated density

4, 1.670 Mg/m^3

Absorption coefficient

1.364 mm^-1

F(000)

652

Crystal size

0.10 x 0.10 x 0.03 mm

Theta range for data collection

1.87 to 25.08 deg.

Limiting indices

-12<=h<=10, -11<=k<=10, -14<=l<=13

Reflections collected / unique

6606 / 2258 [R(int) = 0.0434]

Completeness to theta = 25.08

99.6 %

Absorption correction

SADABS

Max. and min. transmission

1.000 and 0.896

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

2258 / 0 / 218

Goodness-of-fit on F^2

1.065

Final R indices [I>2sigma(I)]

R1 = 0.0418, wR2 = 0.1048

R indices (all data)

R1 = 0.0529, wR2 = 0.1104

Largest diff. peak and hole

0.673 and -0.375 e.A^-3

348

alpha = 90 deg.
beta = 91.465(2) deg.
gamma = 90 deg.

Appendix C (Continued)
Table C.8. Crystal data and structure refinement for Compound 8.

Identification code

8

Empirical formula

C7 H3 Cu N O4

Formula weight

228.64

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Monoclinic, C2/c

Unit cell dimensions

a = 10.6278(9) A
b = 10.0563(9) A
c = 18.8052(17) A

Volume

2007.7(3) A^3

Z, Calculated density

8, 1.513 Mg/m^3

Absorption coefficient

2.157 mm^-1

F(000)

904

Crystal size

0.05 x 0.05 x 0.1 mm

Theta range for data collection

2.17 to 27.53 deg.

Limiting indices

-12<=h<=13, -11<=k<=12, -13<=l<=24

Reflections collected / unique

6019 / 3258 [R(int) = 0.0292]

Completeness to theta = 27.53

97.2 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

3258 / 2 / 298

Goodness-of-fit on F^2

1.059

Final R indices [I>2sigma(I)]

R1 = 0.0377, wR2 = 0.0914

R indices (all data)

R1 = 0.0415, wR2 = 0.0939

Absolute structure parameter

0.22(3)

Largest diff. peak and hole

0.562 and -0.436 e.A^-3
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alpha = 90 deg.
beta = 92.651(2) deg.
gamma = 90 deg.

Appendix C (Continued)
Table C.9. Crystal data and structure refinement for Compound 9.

Identification code

9

Empirical formula

C16.50 H3 Co N2 O30

Formula weight

768.14

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P2(1)/c

Unit cell dimensions

a = 13.071(3) Å

a= 90°.

b = 9.906(2) Å

b= 98.178(4)°.

c = 11.878(3) Å

g = 90°.

Volume

1522.4(6) Å3

Z

4

Density (calculated)

3.351 Mg/m3

Absorption coefficient

1.370 mm-1

F(000)

1532

Crystal size

0.18 x 0.16 x 0.09 mm3

Theta range for data collection

1.57 to 22.53°.

Index ranges

-13<=h<=14, -7<=k<=10, -7<=l<=12

Reflections collected

4829

Independent reflections

1999 [R(int) = 0.0806]

Completeness to theta = 22.53°

99.8 %

Absorption correction

SADABS

Max. and min. transmission

1.000 and 0.496

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1999 / 0 / 275

Goodness-of-fit on F2

1.139

Final R indices [I>2sigma(I)]

R1 = 0.0912, wR2 = 0.2273

R indices (all data)

R1 = 0.1268, wR2 = 0.2555

Largest diff. peak and hole

1.282 and -0.738 e.Å-3
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Table C.10. Crystal data and structure refinement for Compound 10.

Identification code

10

Empirical formula

C30 H32 N6 O12 Zn2

Formula weight

799.36

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

C2/c

Unit cell dimensions

a = 29.916(3) Å

a = 90°.

b = 9.7777(9) Å

b = 101.259(2)°.

c = 12.1183(11) Å

g = 90°.

Volume

3476.5(5) Å3

Z

4

Density (calculated)

1.527 Mg/m3

Absorption coefficient

1.449 mm-1

F(000)

1640

Crystal size

0.10 x 0.10 x 0.02 mm3

Theta range for data collection

1.39 to 28.31°.

Index ranges

-39<=h<=39, -12<=k<=12, -12<=l<=15

Reflections collected

10765

Independent reflections

4013 [R(int) = 0.0438]

Completeness to theta = 28.31°

93.1 %

Absorption correction

None

Max. and min. transmission

1.000 and 0.770

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

4013 / 0 / 207

Goodness-of-fit on F2

1.188

Final R indices [I>2sigma(I)]

R1 = 0.0647, wR2 = 0.1598

R indices (all data)

R1 = 0.0777, wR2 = 0.1732

Largest diff. peak and hole

1.586 and -0.915 e.Å-3
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Table C.11. Crystal data and structure refinement for Compound 11.

Identification code

11

Empirical formula

C12 H10 Co N2 O4

Formula weight

305.15

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Tetragonal, I4(1)22

Unit cell dimensions

a = 7.9857(9) A
b = 7.9857(9) A
c = 17.368(4) A

Volume

1107.6(3) A^3

Z, Calculated density

4, 1.830 Mg/m^3

Absorption coefficient

1.561 mm^-1

F(000)

620

Crystal size

0.06 x 0.05 x 0.04 mm

Theta range for data collection

2.81 to 25.60 deg.

Limiting indices

-9<=h<=9, -9<=k<=9, -21<=l<=12

Reflections collected / unique

2843 / 532 [R(int) = 0.0685]

Completeness to theta = 25.60

100.0 %

Max. and min. transmission

0.9402 and 0.9121

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

532 / 13 / 47

Goodness-of-fit on F^2

1.083

Final R indices [I>2sigma(I)]

R1 = 0.0578, wR2 = 0.1307

R indices (all data)

R1 = 0.0651, wR2 = 0.1346

Absolute structure parameter

0.05(10)

Largest diff. peak and hole

0.553 and -0.509 e.A^-3

352

alpha = 90 deg.
beta = 90 deg.
gamma = 90 deg.

Appendix C (Continued)
Table C.12. Crystal data and structure refinement for Compound 12.

Identification code

12

Empirical formula

C17 H15 N3 Ni O5

Formula weight

400.03

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Monoclinic, P2(1)/n

Unit cell dimensions

a = 8.8334(8) A
b = 11.3383(11) A
c = 17.7097(16) A

Volume

1765.7(3) A^3

Z, Calculated density

4, 1.505 Mg/m^3

Absorption coefficient

1.132 mm^-1

F(000)

824

Crystal size

0.10 x 0.10 x 0.10 mm

Theta range for data collection

2.14 to 28.32 deg.

Limiting indices

-11<=h<=7, -14<=k<=15, -23<=l<=23

Reflections collected / unique

11096 / 4141 [R(int) = 0.0470]

Completeness to theta = 28.32

94.1 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

4141 / 0 / 235

Goodness-of-fit on F^2

1.029

Final R indices [I>2sigma(I)]

R1 = 0.0578, wR2 = 0.1380

R indices (all data)

R1 = 0.0809, wR2 = 0.1493

Largest diff. peak and hole

1.347 and -0.839 e.A^-3

353

alpha = 90 deg.
beta = 95.445(2) deg.
gamma = 90 deg.
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Table C.13. Crystal data and structure refinement for Compound 13.

Identification code

13

Empirical formula

C19 H21 Cu N3 O6

Formula weight

450.93

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Monoclinic, P2(1)/n

Unit cell dimensions

a = 8.911(2) A
b = 19.585(5) A
c = 11.334(3) A

Volume

1953.0(9) A^3

Z, Calculated density

4, 1.534 Mg/m^3

Absorption coefficient

1.160 mm^-1

F(000)

932

Crystal size

0.20 x 0.20 x 0.20 mm

Theta range for data collection

2.08 to 25.50 deg.

Limiting indices

-10<=h<=10, -22<=k<=23, -10<=l<=13

Reflections collected / unique

10190 / 3634 [R(int) = 0.0508]

Completeness to theta = 25.50

99.9 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.8011 and 0.8011

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

3634 / 2 / 269

Goodness-of-fit on F^2

1.042

Final R indices [I>2sigma(I)]

R1 = 0.0451, wR2 = 0.1114

R indices (all data)

R1 = 0.0598, wR2 = 0.1181

Largest diff. peak and hole

0.579 and -0.567 e.A^-3

354

alpha = 90 deg.
beta = 99.161(6) deg.
gamma = 90 deg.

Appendix C (Continued)
Table C.14. Crystal data and structure refinement for Compound 14.

Identification code

14

Empirical formula

C21 H23 N3 Ni O6

Formula weight

472.13

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Monoclinic, P2(1)/n

Unit cell dimensions

a = 10.3788(15) A
b = 20.110(3) A
c = 11.3167(16) A

Volume

2161.2(5) A^3

Z, Calculated density

4, 1.451 Mg/m^3

Absorption coefficient

0.940 mm^-1

F(000)

984

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

2.03 to 25.50 deg.

Limiting indices

-9<=h<=12, -24<=k<=24, -13<=l<=13

Reflections collected / unique

11695 / 4027 [R(int) = 0.1076]

Completeness to theta = 25.50

100.0 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

4027 / 0 / 280

Goodness-of-fit on F^2

0.947

Final R indices [I>2sigma(I)]

R1 = 0.0707, wR2 = 0.1662

R indices (all data)

R1 = 0.1158, wR2 = 0.1901

Largest diff. peak and hole

0.765 and -0.553 e.A^-3

355

alpha = 90 deg.
beta = 113.793(3) deg.
gamma = 90 deg.

Appendix C (Continued)
Table C.15. Crystal data and structure refinement for Compound 15.

Identification code

15

Empirical formula

C17 H11 N3 Ni O8

Formula weight

444.00

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Orthorhombic, Cmca

Unit cell dimensions

a = 22.488(5) A
b = 20.420(4) A
c = 11.461(2) A

Volume

5263.0(18) A^3

Z, Calculated density

8, 1.121 Mg/m^3

Absorption coefficient

0.774 mm^-1

F(000)

1808

Crystal size

0.10 x 0.05 x 0.05 mm

Theta range for data collection

2.23 to 21.50 deg.

Limiting indices

-16<=h<=23, -20<=k<=15, -11<=l<=11

Reflections collected / unique

4565 / 1300 [R(int) = 0.2423]

Completeness to theta = 21.50

83.0 %

Max. and min. transmission

0.9623 and 0.9266

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

1300 / 7 / 48

Goodness-of-fit on F^2

1.132

Final R indices [I>2sigma(I)]

R1 = 0.2853, wR2 = 0.4920

R indices (all data)

R1 = 0.3433, wR2 = 0.5321

Largest diff. peak and hole

3.350 and -1.964 e.A^-3
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alpha = 90 deg.
beta = 90 deg.
gamma = 90 deg.

Appendix C (Continued)
Table C.16. Crystal data and structure refinement for Compound 16.

Identification code

16

Empirical formula

C25 H25 N5 O10 Zn2

Formula weight

686.24

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Orthorhombic, Pbca

Unit cell dimensions

a = 14.040(3) A
b = 14.345(3) A
c = 27.756(5) A

Volume

5590.4(19) A^3

Z, Calculated density

8, 1.631 Mg/m^3

Absorption coefficient

1.781 mm^-1

F(000)

2800

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

2.06 to 20.81 deg.

Limiting indices

-8<=h<=14, -14<=k<=14, -27<=l<=27

Reflections collected / unique

16048 / 2917 [R(int) = 0.1451]

Completeness to theta = 20.81

99.9 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

2917 / 0 / 380

Goodness-of-fit on F^2

0.913

Final R indices [I>2sigma(I)]

R1 = 0.0707, wR2 = 0.1738

R indices (all data)

R1 = 0.1045, wR2 = 0.2027

Extinction coefficient

0.0098(9)

Largest diff. peak and hole

0.574 and -0.519 e.A^-3

357

alpha = 90 deg.
beta = 90 deg.
gamma = 90 deg.

Appendix C (Continued)
Table C.17. Crystal data and structure refinement for Compound 17.

Identification code

17

Empirical formula

C10 H10 Cu N2 O5

Formula weight

301.74

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P2(1)/c

Unit cell dimensions

a = 7.3361(10) Å

alpha = 90°.

b = 10.7496(15) Å

beta = 90.778(3)°.

c = 14.028(2) Å

gamma = 90°.

Volume

1106.1(3) Å3

Z

4

Density (calculated)

1.812 Mg/m3

Absorption coefficient

1.990 mm-1

F(000)

612

Crystal size

0.05 x 0.05 x 0.05 mm3

Theta range for data collection

2.39 to 28.29°.

Index ranges

-9<=h<=9, -12<=k<=13, -5<=l<=18

Reflections collected

4813

Independent reflections

2482 [R(int) = 0.0419]

Completeness to theta = 28.29°

90.2 %

Absorption correction

None

Max. and min. transmission

1.000 and 0.754

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2482 / 0 / 165

Goodness-of-fit on F2

1.115

Final R indices [I>2sigma(I)]

R1 = 0.0508, wR2 = 0.1074

R indices (all data)

R1 = 0.0596, wR2 = 0.1114

Largest diff. peak and hole

0.841 and -0.617 e.Å-3

358
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Table C.18. Crystal data and structure refinement for Compound 18.

Identification code

18

Empirical formula

C20 H20 Mn2 N4 O10

Formula weight

586.28

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P2(1)/n

Unit cell dimensions

a = 7.628(4) Å

alpha = 90°.

b = 10.182(5) Å

beta = 104.604(9)°.

c = 14.958(6) Å

gamma = 90°.

Volume

1124.2(8) Å3

Z

2

Density (calculated)

1.732 Mg/m3

Absorption coefficient

1.189 mm-1

F(000)

596

Crystal size

0.10 x 0.10 x 0.10 mm3

Theta range for data collection

2.45 to 25.01°.

Index ranges

-7<=h<=9, -12<=k<=5, -13<=l<=12

Reflections collected

2553

Independent reflections

1627 [R(int) = 0.0810]

Completeness to theta = 25.01°

82.4 %

Absorption correction

SADABS

Max. and min. transmission

1.000 and 0.036

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1627 / 0 / 165

Goodness-of-fit on F2

0.875

Final R indices [I>2sigma(I)]

R1 = 0.0767, wR2 = 0.1761

R indices (all data)

R1 = 0.1491, wR2 = 0.2141

Largest diff. peak and hole

0.914 and -0.846 e.Å-3
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Table C.19. Crystal data and structure refinement for Compound 19.

Identification code

19

Empirical formula

C14 H9 Cu N O5

Formula weight

345.38

Temperature

293(2) K

Wavelength

0.71073 A

Crystal system, space group

Trigonal, R-3

Unit cell dimensions

a = 19.132(4) A
b = 19.132(4) A
c = 37.505(15) A

Volume

11888(6) A^3

Z, Calculated density

18, 0.868 Mg/m^3

Absorption coefficient

0.840 mm^-1

F(000)

3138

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

2.52 to 23.30 deg.

Limiting indices

-16<=h<=21, -21<=k<=17, -41<=l<=41

Reflections collected / unique

16421 / 3804 [R(int) = 0.1864]

Completeness to theta = 23.30

99.1 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

3804 / 20 / 229

Goodness-of-fit on F^2

1.004

Final R indices [I>2sigma(I)]

R1 = 0.0796, wR2 = 0.2232

R indices (all data)

R1 = 0.1448, wR2 = 0.2364

Largest diff. peak and hole

0.789 and -0.682 e.A^-3

360

alpha = 90 deg.
beta = 90 deg.
gamma = 120 deg.

Appendix C (Continued)
Table C.20. Crystal data and structure refinement for Compound 20.

Identification code

20

Empirical formula

C15.80 H9 Cu N O9.40

Formula weight

426.78

Temperature

293(2) K

Wavelength

0.71073 A

Crystal system, space group

Orthorhombic, Pbcn

Unit cell dimensions

a = 12.924(6) A
b = 14.134(6) A
c = 25.593(11) A

Volume

4675(4) A^3

Z, Calculated density

8, 1.213 Mg/m^3

Absorption coefficient

0.974 mm^-1

F(000)

1720

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

2.24 to 25.57 deg.

Limiting indices

-8<=h<=15, -17<=k<=17, -29<=l<=14

Reflections collected / unique

10026 / 3997 [R(int) = 0.1299]

Completeness to theta = 25.57

91.1 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

3997 / 12 / 274

Goodness-of-fit on F^2

1.066

Final R indices [I>2sigma(I)]

R1 = 0.1301, wR2 = 0.2779

R indices (all data)

R1 = 0.1919, wR2 = 0.3137

Largest diff. peak and hole

0.754 and -1.748 e.A^-3

361

alpha = 90 deg.
beta = 90 deg.
gamma = 90 deg.

Appendix C (Continued)
Table C.21. Crystal data and structure refinement for Compound 21.

Identification code

21

Empirical formula

C21 H12 Cu N2 O7

Formula weight

473.4

Temperature

293(2) K

Wavelength

0.71073 A

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 10.761(2) A
b = 13.396(3) A
c = 15.310(3) A

Volume

2174.5(8) A^3

Z, Calculated density

4, 1.446 Mg/m^3

Absorption coefficient

1.050 mm^-1

F(000)

959

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

1.35 to 18.85 deg.

Limiting indices

-9<=h<=8, -10<=k<=12, -13<=l<=6

Reflections collected / unique

3738 / 3075 [R(int) = 0.0757]

Completeness to theta = 18.85

90.1 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

3075 / 12 / 261

Goodness-of-fit on F^2

0.941

Final R indices [I>2sigma(I)]

R1 = 0.1185, wR2 = 0.2715

R indices (all data)

R1 = 0.1636, wR2 = 0.2992

Largest diff. peak and hole

1.881 and -1.150 e.A^-3
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alpha = 98.40(3) deg.
beta = 92.74(3) deg.
gamma = 93.96(3) deg.

Appendix C (Continued)
Table C.22. Crystal data and structure refinement for Compound 22.

Identification code

22

Empirical formula

C20 H27.50 N2.50 O9 Zn

Formula weight

512.32

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 9.597(3) A alpha = 67.004(5) deg.
b = 11.094(4) A beta = 72.111(5) deg.
c = 12.755(4) A gamma = 68.970(5) deg.

Volume

1144.6(7) A^3

Z, Calculated density

2, 1.487 Mg/m^3

Absorption coefficient

1.127 mm^-1

F(000)

534

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

1.77 to 26.47 deg.

Limiting indices

-6<=h<=12, -13<=k<=13, -15<=l<=15

Reflections collected / unique

6585 / 4559 [R(int) = 0.2349]

Completeness to theta = 26.47

96.7 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

4559 / 246 / 307

Goodness-of-fit on F^2

1.008

Final R indices [I>2sigma(I)]

R1 = 0.0959, wR2 = 0.1989

R indices (all data)

R1 = 0.2188, wR2 = 0.2274

Largest diff. peak and hole

1.592 and -1.061 e.A^-3
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Table C.23. Crystal data and structure refinement for Compound 23.

Identification code

23

Empirical formula

C29 H24 Ni N4 O9

Formula weight

636.06

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Monoclinic, P2(1)/n

Unit cell dimensions

a = 8.7777(18) A
b = 23.817(5) A
c = 16.740(3) A

Volume

3495.7(12) A^3

Z, Calculated density

4, 1.209 Mg/m^3

Absorption coefficient

0.675 mm^-1

F(000)

1308

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

1.49 to 28.33 deg.

Limiting indices

-11<=h<=5, -31<=k<=26, -22<=l<=20

Reflections collected / unique

12468 / 7248 [R(int) = 0.0729]

Completeness to theta = 28.33

83.1 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

7248 / 0 / 175

Goodness-of-fit on F^2

1.032

Final R indices [I>2sigma(I)]

R1 = 0.1492, wR2 = 0.3696

R indices (all data)

R1 = 0.2092, wR2 = 0.4083

Largest diff. peak and hole

2.722 and -2.403 e.A^-3
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alpha = 90 deg.
beta = 92.717(4) deg.
gamma = 90 deg.

Appendix C (Continued)
Table C.24. Crystal data and structure refinement for Compound 24.

Identification code

24

Empirical formula

C17 H25 N3 O6 Zn

Formula weight

432.77

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Monoclinic, P2(1)/c

Unit cell dimensions

a = 12.015(3) A
b = 10.450(3) A
c = 15.197(4) A

Volume

1907.1(8) A^3

Z, Calculated density

4, 1.507 Mg/m^3

Absorption coefficient

1.327 mm^-1

F(000)

904

Crystal size

0.20 x 0.10 x 0.10 mm

Theta range for data collection

1.70 to 25.59 deg.

Limiting indices

-13<=h<=14, -12<=k<=12, -14<=l<=18

Reflections collected / unique

9712 / 3547 [R(int) = 0.0742]

Completeness to theta = 25.59

99.0 %

Max. and min. transmission

0.8788 and 0.7773

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

3547 / 2 / 242

Goodness-of-fit on F^2

1.044

Final R indices [I>2sigma(I)]

R1 = 0.0650, wR2 = 0.1440

R indices (all data)

R1 = 0.1005, wR2 = 0.1592

Largest diff. peak and hole

1.244 and -0.810 e.A^-3

365

alpha = 90 deg.
beta = 91.946(5) deg.
gamma = 90 deg.
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Table C.25. Crystal data and structure refinement for Compound 25.

Identification code

25

Empirical formula

C24 H27 N4 O6 Zn

Formula weight

532.87

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Monoclinic, P2(1)/c

Unit cell dimensions

a = 11.325(5) A
b = 24.002(10) A
c = 9.313(4) A

Volume

2487.5(18) A^3

Z, Calculated density

4, 1.423 Mg/m^3

Absorption coefficient

1.033 mm^-1

F(000)

1108

Crystal size

0.20 x 0.20 x 0.10 mm

Theta range for data collection

1.83 to 25.59 deg.

Limiting indices

-9<=h<=13, -29<=k<=22, -9<=l<=11

Reflections collected / unique

8139 / 4271 [R(int) = 0.0461]

Completeness to theta = 25.59

91.2 %

Max. and min. transmission

0.9037 and 0.8200

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

4271 / 0 / 320

Goodness-of-fit on F^2

0.999

Final R indices [I>2sigma(I)]

R1 = 0.0475, wR2 = 0.1009

R indices (all data)

R1 = 0.0742, wR2 = 0.1116

Largest diff. peak and hole

0.564 and -0.355 e.A^-3

366

alpha = 90 deg.
beta = 100.691(10) deg.
gamma = 90 deg.
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Table C.26. Crystal data and structure refinement for Compound 26.

Identification code

26

Empirical formula

C77.20 H46 Cu4 N14.80 O28.10

Formula weight

1884.65

Temperature

293(2) K

Wavelength

0.71073 A

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 8.653(3) A alpha = 84.812(7) deg.
b = 21.642(6) A beta = 81.941(7) deg.
c = 24.150(7) A gamma = 82.000(7) deg.

Volume

4423(2) A^3

Z, Calculated density

2, 1.415 Mg/m^3

Absorption coefficient

1.033 mm^-1

F(000)

1907

Crystal size

0.20 x 0.20 x 0.10 mm

Theta range for data collection

1.91 to 23.26 deg.

Limiting indices

-9<=h<=8, -24<=k<=22, -22<=l<=26

Reflections collected / unique

19481 / 12619 [R(int) = 0.0745]

Completeness to theta = 23.26

99.2 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

12619 / 12 / 973

Goodness-of-fit on F^2

1.028

Final R indices [I>2sigma(I)]

R1 = 0.1228, wR2 = 0.2904

R indices (all data)

R1 = 0.2057, wR2 = 0.3412

Largest diff. peak and hole

1.796 and -0.746 e.A^-3

367
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Table C.27. Crystal data and structure refinement for Compound 27.

Identification code

27

Empirical formula

C42 H36 Cu2 N6 O13

Formula weight

959.85

Temperature

571(2) K

Wavelength

0.71073 A

Crystal system, space group

Orthorhombic, Pbcn

Unit cell dimensions

a = 16.494(4) A
b = 16.604(4) A
c = 30.370(7) A

Volume

8317(3) A^3

Z, Calculated density

8, 1.533 Mg/m^3

Absorption coefficient

1.097 mm^-1

F(000)

3936

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

1.82 to 26.40 deg.

Limiting indices

-20<=h<=20, 0<=k<=20, 0<=l<=37

Reflections collected / unique

16457 / 8506 [R(int) = 0.1281]

Completeness to theta = 26.40

99.7 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

8506 / 0 / 570

Goodness-of-fit on F^2

1.003

Final R indices [I>2sigma(I)]

R1 = 0.0522, wR2 = 0.1166

R indices (all data)

R1 = 0.1836, wR2 = 0.1862

Largest diff. peak and hole

0.454 and -0.676 e.A^-3

368

alpha = 90 deg.
beta = 90 deg.
gamma = 90 deg.
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Table C.28. Crystal data and structure refinement for Compound 28.

Identification code

28

Empirical formula

C17 H14 Cu N2 O7

Formula weight

421.84

Temperature

571(2) K

Wavelength

0.71073 A

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 8.738(3) A alpha = 63.080(7) deg.
b = 10.188(4) A beta = 83.713(8) deg.
c = 10.760(4) A gamma = 76.770(7) deg.

Volume

831.5(5) A^3

Z, Calculated density

2, 1.685 Mg/m^3

Absorption coefficient

1.359 mm^-1

F(000)

430

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

2.29 to 26.50 deg.

Limiting indices

-10<=h<=10, -12<=k<=12, -12<=l<=13

Reflections collected / unique

4890 / 3359 [R(int) = 0.0536]

Completeness to theta = 26.50

97.3 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

3359 / 2 / 250

Goodness-of-fit on F^2

0.939

Final R indices [I>2sigma(I)]

R1 = 0.0597, wR2 = 0.0913

R indices (all data)

R1 = 0.0999, wR2 = 0.1033

Largest diff. peak and hole

0.605 and -0.646 e.A^-3

369
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Table C.29. Crystal data and structure refinement for Compound 29.

Identification code

29

Empirical formula

C17 H4 Cu N2 O7

Formula weight

411.76

Temperature

293(2) K

Wavelength

0.71073 A

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 8.586(2) A alpha = 62.738(4) deg.
b = 9.954(3) A beta = 87.681(4) deg.
c = 10.576(3) A gamma = 77.070(4) deg.

Volume

781.1(3) A^3

Z, Calculated density

2, 1.751 Mg/m^3

Absorption coefficient

1.445 mm^-1

F(000)

410

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

2.17 to 26.99 deg.

Limiting indices

-10<=h<=10, -12<=k<=12, -13<=l<=8

Reflections collected / unique

4661 / 3231 [R(int) = 0.1838]

Completeness to theta = 26.99

94.8 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

3231 / 22 / 250

Goodness-of-fit on F^2

1.002

Final R indices [I>2sigma(I)]

R1 = 0.0543, wR2 = 0.0954

R indices (all data)

R1 = 0.1449, wR2 = 0.1383

Largest diff. peak and hole

1.475 and -1.507 e.A^-3

370
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Table C.30. Crystal data and structure refinement for Compound 30.

Identification code

30

Empirical formula

C7 H12 Cu N2 O11

Formula weight

363.73

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 7.729(3) A alpha = 62.493(6) deg.
b = 8.805(3) A beta = 81.809(6) deg.
c = 9.393(3) A gamma = 68.261(6) deg.

Volume

526.3(3) A^3

Z, Calculated density

2, 2.295 Mg/m^3

Absorption coefficient

2.153 mm^-1

F(000)

370

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

2.77 to 26.49 deg.

Limiting indices

-9<=h<=9, -10<=k<=11, -11<=l<=7

Reflections collected / unique

2947 / 2094 [R(int) = 0.0945]

Completeness to theta = 26.49

96.1 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

2094 / 14 / 177

Goodness-of-fit on F^2

1.000

Final R indices [I>2sigma(I)]

R1 = 0.0524, wR2 = 0.1248

R indices (all data)

R1 = 0.0861, wR2 = 0.1454

Largest diff. peak and hole

1.414 and -1.358 e.A^-3

371
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Table C.31. Crystal data and structure refinement for Compound 31.

Identification code

31

Empirical formula

C14 H26 Na2 O22

Formula weight

592.33

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P2(1)/c

Unit cell dimensions

a = 7.297(3) Å
b = 16.347(7) Å
c = 11.990(4) Å

Volume

1144.9(8) Å3

Z, Calculated density

2, 1.718 Mg/m3

Absorption coefficient

0.196 mm-1

F(000)

616

Crystal size

0.05 x 0.05 x 0.1 mm3

Theta range for data collection

2.46 to 25.49°.

Limiting indices

-8<=h<=8, -19<=k<=19, -14<=l<=12

Reflections collected / unique

5963 / 2106 [R(int) = 0.1597]

Completeness to theta = 25.49°

99.0 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2106 / 0 / 203

Goodness-of-fit on F2

1.009

Final R indices [I>2sigma(I)]

R1 = 0.0613, wR2 = 0.1615

R indices (all data)

R1 = 0.0653, wR2 = 0.1645

a= 90°.
b= 126.824(17)°.
g = 90°.

0.580 and -0.536 e.Å-3

Largest diff. peak and hole

372
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Table C.32. Crystal data and structure refinement for Compound 32.

Identification code

32

Empirical formula

C19 H16 Cu N2 O7

Formula weight

447.88

Temperature

293(2) K

Wavelength

0.71073 A

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 10.107(3) A alpha = 87.221(5) deg.
b = 10.288(3) A beta = 62.803(4) deg.
c = 10.704(3) A gamma = 75.359(5) deg.

Volume

954.9(5) A^3

Z, Calculated density

2, 1.558 Mg/m^3

Absorption coefficient

1.189 mm^-1

F(000)

458

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

2.05 to 25.10 deg.

Limiting indices

-9<=h<=12, -12<=k<=11, -12<=l<=12

Reflections collected / unique

4406 / 3205 [R(int) = 0.0276]

Completeness to theta = 25.10

94.2 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

3205 / 0 / 262

Goodness-of-fit on F^2

1.039

Final R indices [I>2sigma(I)]

R1 = 0.0497, wR2 = 0.1251

R indices (all data)

R1 = 0.0581, wR2 = 0.1307

Largest diff. peak and hole

0.662 and -0.561 e.A^-3

373
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Table C.33. Crystal data and structure refinement for Compound 33.

Identification code

33

Empirical formula

C26.84 H26 N4 Ni O8.82

Formula weight

603.40

Temperature

293(2) K

Wavelength

0.71073 A

Crystal system, space group

Monoclinic, P2(1)/n

Unit cell dimensions

a = 8.6276(19) A
b = 19.023(4) A
c = 16.435(4) A

Volume

2697.0(11) A^3

Z, Calculated density

4, 1.486 Mg/m^3

Absorption coefficient

0.780 mm^-1

F(000)

1250

Crystal size

0.30 x 0.15 x 0.10 mm

Theta range for data collection

1.64 to 28.28 deg.

Limiting indices

-8<=h<=11, -25<=k<=18, -20<=l<=21

Reflections collected / unique

16072 / 6217 [R(int) = 0.0480]

Completeness to theta = 28.28

92.8 %

Max. and min. transmission

0.9261 and 0.7997

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

6217 / 0 / 403

Goodness-of-fit on F^2

1.019

Final R indices [I>2sigma(I)]

R1 = 0.0570, wR2 = 0.1234

R indices (all data)

R1 = 0.0785, wR2 = 0.1339

Largest diff. peak and hole

0.769 and -0.587 e.A^-3

374

alpha = 90 deg.
beta = 90.916(5) deg.
gamma = 90 deg.
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Table C.34. Crystal data and structure refinement for Compound 37 (293K).

Identification code

37 (293K)

Empirical formula

C25 H18 Mn3 O20

Formula weight

803.21

Temperature

293(2) K

Wavelength

0.71073 A

Crystal system, space group

Trigonal, R-3c

Unit cell dimensions

a = 12.5295(7) A
b = 12.5295(7) A
c = 66.766(8) A

Volume

9077.3(13) A^3

Z, Calculated density

12, 1.763 Mg/m^3

Absorption coefficient

1.323 mm^-1

F(000)

4836

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

3.25 to 26.52 deg.

Limiting indices

-11<=h<=15, -15<=k<=15, -80<=l<=83

Reflections collected / unique

16656 / 2102 [R(int) = 0.1010]

Completeness to theta = 26.52

99.7 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

2102 / 6 / 150

Goodness-of-fit on F^2

1.002

Final R indices [I>2sigma(I)]

R1 = 0.0481, wR2 = 0.1409

R indices (all data)

R1 = 0.0918, wR2 = 0.1455

Largest diff. peak and hole

0.558 and -0.705 e.A^-3

375

alpha = 90 deg.
beta = 90 deg.
gamma = 120 deg.
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Table C.35. Crystal data and structure refinement for Compound 37 (100K).

Identification code

37 (100K)

Empirical formula

C27 H24 Mn3 O21

Formula weight

849.28

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Trigonal, R-3c

Unit cell dimensions

a = 12.481(2) A
b = 12.481(2) A
c = 66.673(15) A

Volume

8994(3) A^3

Z, Calculated density

12, 1.882 Mg/m^3

Absorption coefficient

1.343 mm^-1

F(000)

5148

Crystal size

0.20 x 0.15 x 0.10 mm

Theta range for data collection

1.83 to 26.50 deg.

Limiting indices

-14<=h<=14, -11<=k<=15, -83<=l<=50

Reflections collected / unique

7236 / 2075 [R(int) = 0.0444]

Completeness to theta = 26.50

99.4 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.8774 and 0.7750

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

2075 / 3 / 174

Goodness-of-fit on F^2

1.004

Final R indices [I>2sigma(I)]

R1 = 0.0489, wR2 = 0.1313

R indices (all data)

R1 = 0.0697, wR2 = 0.1393

Largest diff. peak and hole

0.489 and -0.913 e.A^-3
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beta = 90 deg.
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Appendix C (Continued)
Table C.36. Crystal data and structure refinement for Compound 38.

Identification code

38

Empirical formula

C21 H12 Cd1.16 Mn1.84 O21

Formula weight

841.74

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Trigonal, R-3c

Unit cell dimensions

a = 12.5711(14) A
b = 12.5711(14) A
c = 66.385(14) A

Volume

9085(2) A^3

Z, Calculated density

12, 1.846 Mg/m^3

Absorption coefficient

1.700 mm^-1

F(000)

4940

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

2.24 to 26.50 deg.

Limiting indices

-15<=h<=13, -13<=k<=15, -62<=l<=83

Reflections collected / unique

14781 / 2052 [R(int) = 0.1274]

Completeness to theta = 26.50

97.6 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

2052 / 0 / 147

Goodness-of-fit on F^2

1.005

Final R indices [I>2sigma(I)]

R1 = 0.0756, wR2 = 0.1993

R indices (all data)

R1 = 0.1127, wR2 = 0.2053

Extinction coefficient

0.00011(5)

Largest diff. peak and hole

1.505 and -1.257 e.A^-3
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alpha = 90 deg.
beta = 90 deg.
gamma = 120 deg.

Appendix C (Continued)
Table C.37. Crystal data and structure refinement for Compound 40.

Identification code

40

Empirical formula

C27 H24 Co2 Mn O21

Formula weight

857.26

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system, space group

Trigonal, R-3c

Unit cell dimensions

a = 12.4298(18) A
b = 12.4298(18) A
c = 65.881(19) A

Volume

8815(3) A^3

Z, Calculated density

12, 1.938 Mg/m^3

Absorption coefficient

1.640 mm^-1

F(000)

5196

Crystal size

0.20 x 0.15 x 0.10 mm

Theta range for data collection

1.85 to 26.13 deg.

Limiting indices

-15<=h<=9, -13<=k<=15, -81<=l<=76

Reflections collected / unique

15424 / 1955 [R(int) = 0.0996]

Completeness to theta = 26.13

99.2 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.8532 and 0.7350

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

1955 / 21 / 178

Goodness-of-fit on F^2

1.002

Final R indices [I>2sigma(I)]

R1 = 0.0707, wR2 = 0.1763

R indices (all data)

R1 = 0.0999, wR2 = 0.1941

Largest diff. peak and hole

0.626 and -0.755 e.A^-3
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Appendix C (Continued)
Table C.38. Crystal data and structure refinement for Compound 47.

Identification code

47

Empirical formula

C11 H4 Cu O6

Formula weight

295.68

Temperature

293(2) K

Wavelength

0.71073 A

Crystal system, space group

Cubic, Fm-3

Unit cell dimensions

a = 41.445(3) A
b = 41.445(3) A
c = 41.445(3) A

Volume

71189(10) A^3

Z, Calculated density

96, 0.662 Mg/m^3

Absorption coefficient

0.742 mm^-1

F(000)

14112

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

0.85 to 20.01 deg.

Limiting indices

-31<=h<=33, -38<=k<=39, -39<=l<=14

Reflections collected / unique

26448 / 2945 [R(int) = 0.1153]

Completeness to theta = 20.01

99.9 %

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

2945 / 0 / 84

Goodness-of-fit on F^2

1.446

Final R indices [I>2sigma(I)]

R1 = 0.3126, wR2 = 0.6404

R indices (all data)

R1 = 0.3164, wR2 = 0.6445

Largest diff. peak and hole

1.090 and -1.836 e.A^-3
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alpha = 90 deg.
beta = 90 deg.
gamma = 90 deg.
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